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Zusammenfassung
In dieser Arbeit präsentiere ich die Ergebnisse von Photoassoziationsmessungen in En-
sembles von atomaren Calcium über einen Intensitätsbereich von 1 - 600 W/cm2. Die
Temperatur der Atome wurde mit der Hilfe von Laser- und evaporativer Kühlung auf 1
µK reduziert. Anschließend wurden die beiden am schwächsten gebundenen Zustände
in den angeregten Molekülpotentialen, welche zur Asymptote 3P1+1S0 dissoziieren,
bezüglich des Linienprofils der gemessenen Resonanzen und der absoluten Verlus-
trate untersucht. Die Untersuchung ergab, dass die gemessenen Raten mehr als eine
Größenordnung kleiner sind als theoretische Berechnungen vorhersagen. Die Vorher-
sagen basieren auf einem Streuformalismus von Bohn & Julienne und den Wellen-
funktionen der Quantenzustände, welche aus coupled-channel Rechnungen gewonnen
wurden. Das Profil der Resonanzen, insbesondere die Breite der gemessenen Spek-
tren, zeigt eine gute Übereinstimmung mit theoretischen Vorhersagen. Auch bei hoher
spektroskopischer Intensität reproduzieren die Messungen die simulierten Linienfor-
men. Weiterhin wurde auch der durch den Photoassoziationslaser induzierte light shift
gemessen, welcher ebenfalls von den theoretischen Vorhersagen abweicht.
Im Verlauf der Arbeit wurde die numerische Simulation durch Berücksichtigung zusät-
zlicher Einflüsse, wie des exakten Verlaufes der Franck-Condon Dichte und der En-
ergieabhängigkeit des light shifts des Spektroskopielasers, weiter verbessert. Außerdem
wurde die Modellierung der experimentellen Gegebenheiten, insbesondere des Volu-
mens der optischen Falle und damit der Dichte des atomaren Ensembles verbessert und
der Einfluss unterschiedlicher Fallentiefen und Photoassoziationsdauern untersucht.
Durch eine Modifikation des Kopplungsparameters und der natürlichen Zerfallsbre-
ite konnten zwar die absoluten Assoziationsraten der Messung reproduziert werden,
wobei allerdings im Falle von hohen Intensitäten die Linienform nicht mehr mit dem
experimentellen Ergebnis übereinstimmt. Zum Abschluss wird ein verbesserter ex-
perimenteller Aufbau vorgeschlagen, bei dem Verbreiterungsmechanismen durch Ver-
wendung eines optischen Gitters unterdrückt werden und dadurch die Analyse der




In this thesis I present the results of photoassociation measurements in ensembles of
atomic calcium over an intensity range of below 1 W/cm2 up to 600 W/cm2. The tem-
perature of the atoms was reduced to 1 µK by laser and evaporative cooling. Afterwards
the two most-weakly bound states in the excited molecular potentials that dissociate
to the asymtote 3P1+1S0 have been investigated regarding the shape and absolute rate
of the resonances. The investigation showed that the measured rates differ by more
than an order of magnitude compared to theoretical calculations. The predictions are
based on a scattering formalism by Bohn & Julienne and wave functions derived from
coupled-channel calculations. The shape of the resonances, the width in particular,
agrees well with the numerical calculations. Especially the power broadening at high
intensity is reproduced by the experiment. Further the light shift introduced by the
photoassociation laser has been measured which also differs from the predictions.
In the further course of the thesis the numerical simulations were improved by consid-
ering additional influences like the exact dependence of the Franck-Condon density and
the light shift of the photoassociation laser as a function of the collision energy. Addi-
tionally the modeling of the experimental setup with a special emphasis on the volume
of the optical trap and thus the density of the atomic ensemble was improved and the
influence of varying trap depth and photoassociation duration has been studied. Inves-
tigating possible explanations for the discrepancy of the measured rates compared to
theory, I show that by a modification of the coupling parameter and the spontaneous
decay rate of the molecular state the rates measured in the experiment can be repro-
duced theoretically, with the restriction that at high intensity the calculated line shape
no longer agrees with the measurement. In the last chapter an improved experimental
apparatus is presented that by using an optical lattice suppresses thermal broadening
and thus simplifies the analysis substantially.
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During recent years the interest in redefining the second in the international system
of units (SI) by means of an optical atomic clock has been a driving force for the
development of experimental techniques involving precision experiments in the field
of ultracold physics. In order to replace the current primary frequency standard de-
fined in 1967 and based on a transition between two hyperfine ground states of 133Cs
[Ess55, Ger10] a variety of different approaches have been explored. Among those are
high precision measurements of optical transitions between electronic and hyperfine
states in single ions confined in radio frequency fields [Hun16, Hun14] as well as in
ensembles of neutral atoms cooled to micro-kelvin temperatures within optical and
magnetic traps [Met99, Fal14, Nic15b]. Compared to the current definition based on a
transition in the microwave regime the new experiments rely on transitions in the opti-
cal frequency range. Due to the extremely high precision of the involved measurements
similar experimental techniques have a variety of other applications including atom in-
terferometry [Müt13], tests of fundamental physics like a time variation of the fine
structure constant [Pei04, Rob19], the determination of the electron-to-proton mass
ratio [She08, McG15] and the determination of the electric-dipole-moment of polar
molecules [Chi01]. While initially most experiments were performed on cold and dense
samples of group-I atoms like rubidium [Mil94], with improved experimental techniques
cold ensembles of group-II atoms became accessible. These atoms, sometimes referred
to as physicist atoms, further sparked the interest of scientist around the world because
of their special atomic structure. With their completely filled outermost electronic s-
shell they possess distinct optical properties featuring a broad singlet transition that
is perfectly suited for cooling while the very narrow triplet transition allows high accu-
racy for spectroscopic measurements. Among the alkaline-earth elements strontium is
one of the most promising candidates for a redefinition of the second [Kat02, Leg08].
Since the group-II atoms have become the basis of a wide range of applications it is
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important to understand how they interact with each other in detail. This is the reason
why many scientific studies investigate the properties of such elements to verify e.g.
their scattering behavior [Yan13, Zel06] to explore ways to improve future experiments
and to reduce uncertainties of existing measurements.
The association of two atoms to bound molecular states with large internuclear dis-
tances by resonant laser light is a widely used spectroscopic technique for the investiga-
tion of atomic interactions between group-II particles and atoms in general. The pre-
cise binding energies of excited weakly bound molecular states have been measured by
photoassociation spectroscopy for strontium [Zel06, McG15], ytterbium [Eno07, Kit08]
and calcium [Vog07, Kah14b, Pac17]. The transition frequency of these photoassocia-
tion resonances strongly depends on the long range part of the internuclear interaction
potentials. Combining the binding energies of those weakly bound states with mea-
surements of the deeply bound states from molecular spectroscopy [All04, All05] the
excited state potentials have been determined using coupled channel calculations. In
the same way two-photon transitions have been used to also determine the binding
energies of molecular ground states and subsequently the ground state interaction po-
tential was derived for the different alkaline-earth elements [Pac17, Zel06].
Compared to the other alkaline-earth elements calcium features one of the most narrow
triplet transitions (γ = 374 Hz [Deg05]) while the experimental techniques required for
cooling are readily available. Also, the ground state scattering length is known with
great precision which makes 40Ca an ideal testbed for investigation of both how the
atoms interact with each other and also for e.g. improved cooling techniques. A promi-
nent example of such techniques are Feshbach resonances that have widely been used to
tune the interaction of atoms to e.g. improve evaporative cooling of group-I atom based
experiments or to create dense samples of cold molecules [Köh06]. These experiments
required that the involved atoms possess a magnetic moment in their atomic ground
state and are consequently not suited for bosonic isotopes of calcium or strontium fea-
turing a singlet ground state. In this case, a similar effect can be achieved employing
optical Feshbach resonances (OFR) instead that use resonant light to couple molecular
bound states to the atomic scattering continuum [Nic15a]. Due to the limited lifetime
of the excited molecular states OFRs are accompanied by atomic losses. They are
related to photoassociation of atom pairs that are subsequently lost from the sample
due to decay of the produced molecules and reduce the density of the investigated
ensembles.
The photoassociation losses were theoretically described by a scattering formalism de-
3veloped by Bohn and Julienne [Boh96, Boh99] that also predicts the shape of the
molecular resonances broadened by the residual kinetic energy of the ultracold atoms
and the laser interaction [Nap94, Ciu04]. Special interest lies in the behavior towards
higher intensities as one of the proposed solutions to reduce unintentional OFR losses
is to use high intensities at large detunings from the resonances. Only for group-I
elements there are systematic investigations [Sim02] in this regard while there are no
studies in the case of group-II atoms.
This thesis focuses on three main questions:
• a quantitative analysis of the photoassociation rate of 40Ca at different light
intensities
• classification of a high and low intensity regime analogous to saturation in atomic
transitions
• the validity of the theoretical formalism with a special focus on high intensities
by comparison to numerical simulation of the photoassociation resonances.
I will first introduce the atomic and molecular properties of the bosonic 40Ca and give
a short overview of the theoretical description of the photoassociation process. A for-
mula that serves as the basis of the numerical calculation of the shape and rates of
the investigated photoassociation resonances will be given with a special emphasis on
the broadening mechanisms introduced through the thermal energy distribution of the
atomic sample as well as the intensity of the spectroscopy laser towards higher intensi-
ties. Further, the concept of saturation of the photoassociation process is discussed. In
chapter 3, I will detail the experimental setup for the creation of dense atomic samples
of calcium that rely on sequential cooling in a magneto-optical trap operating at the
singlet and triplet transitions of calcium combined with an optical dipole trap. The
photoassociation resonances that will be presented are only a few 10 kHz wide, requir-
ing a highly frequency stable spectroscopy light source and a sophisticated mechanism
to finely tune its frequency. For this the mechanical stability of a reference Fabry-Perot
cavity is transferred to the spectroscopy laser using the Pound-Drever-Hall locking tech-
nique [Dre83]. The photoassociation resonances of the two most-weakly bound states
in the molecular potentials that dissociate to the 3P1+1S0 asymptote were measured
and linewidth and molecule formation rate over a range of 3 decades from below 1
Wcm−2 up to 600 Wcm−2 are deduced from the measurement. The results are then
compared to theoretical expectations based on the well-known interatomic potentials.
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The influence of both the modeling of the experimental parameters such as the size
of the optical trap or the local spectroscopic intensity and theoretical approximations
are quantified. Finally, I will present how the experiment could be extended by an
optical lattice setup and shortly describe how with this setup the measurement of both
the binding energy of the molecular states and the determination of the rate i.e. the




This thesis investigates atomic collisions of calcium at very low temperatures, i.e. low
kinetic energies of the involved particles and compares the experimental findings to
the established theoretical formalism. Compared to other group II elements that are
routinely used in various precision experiments, e.g. the attempt to define a new
primary frequency standard, calcium offers some advantages that make it an ideal
candidate for a study of the interaction of cold atomic samples with light. It can
readily be cooled to ultra-low temperatures [Bin01, Kra09, App13] using laser light in
the visible spectrum that can be generated by diode and solid-state lasers at sufficient
power under laboratory conditions. Additionally, compared to other elements with
the same electronic structure it features a comparatively narrow nearly spin-forbidden
intercombination transition 1S0-3P1 with a linewidth of less than a kHz that enables
spectroscopic measurements with great accuracy. The narrow line is only surpassed by
magnesium and beryllium for which the cooling procedure is more complicated due to
the wavelength of the involved lasers. For example, in the case of magnesium the cooling
is much more complicated since some of the required cooling light is in the UV range
[Kul12]. Furthermore in calcium the relevant molecular potentials are precisely known
from a series of measurements of molecular binding energies by molecular spectroscopy
[All03, All05] and photoassociation spectroscopy [Vog07, Kah14b, Pac17]. This chapter
will introduce the known atomic and molecular parameters that are required to evaluate
the measurements that will be presented later in the thesis as well as the underlying
theoretical formalism to describe the results.
2.1 Atomic properties of calcium
In the presented study I have analyzed photoassociation spectra of the bosonic calcium
isotope 40Ca. Calcium is a group II element meaning that in its electronic ground
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state the outermost s-shell is completely filled with two electrons which means that
in its electronic ground state there is no magnetic moment. The calcium isotope 40Ca
does not possess a nuclear spin which simplifies the electronic structure immensely
since there is no hyperfine splitting present in both the atomic and the molecular
spectra that are the topic of this thesis. Due to its two valence electrons calcium
features a distinct electronic structure with a broad singlet transition from its 1S0
ground state to the 1P 0 excited state at 423 nm and a strongly spin forbidden triplet
transition to the states 3P j, j = 0, 1, 2 at ≈ 657 nm. This electronic structure allows
efficient cooling down to sub micro-Kelvin temperatures while maintaining high sample
densities. At the same time it provides a narrow line for highly accurate spectroscopic
measurements. The cooling process is efficient enough that in the past it was possible
to achieve Bose-Einstein condensation [Kra09, App13] for calcium with moderate final
evaporative cooling. The natural linewidth of the 1S0-3P1 transition γatom = 374(9) Hz
is smaller by a factor of ≈ 20 when compared to strontium [Boy07].
In the low energy limit, as is the case for ultracold atomic samples, the interaction
reduces to s-wave scattering (angular momentum of the scattering state l = 0). The
interaction can then be described by a single parameter the so-called s-wave scattering
length that is directly related to the molecular potentials described in the next section.
For 40Ca the s-wave the scattering length was measured to a = 308.5(50)a0 in units of
the Bohr radius a0 [Pac17].
2.2 Molecular Potentials
In the Born-Oppenheimer approximation [Bor27] the potential energy between two
atoms separated by R is given by V (R). This includes both the interaction of the
nuclei as well as of the electrons. The long-range part of this interaction potential is





where the coefficients Cn for each individual potential are closely related to the radiative
properties of the atoms [Wei03]. Figure 2.1 shows the potentials that govern interaction
between the colliding atoms in the ground and in different excited states. The results
that will be discussed mostly depend on the interaction between two ground state 1S0
atoms giving the molecular state X 1Σ+g that determines the scattering state of the
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colliding atoms. The two potentials that involve one atom in the ground state and the
other in the excited triplet state 3P1 are labeled a 3Σ+u and c
3Πu (see Fig. 2.1 for
details) in Hund’s notation [Her50] case (a). Both dissociate to the asymptote with
angular momentum J = 1. For the most weakly bound states that have been studied in
this work they are more accurately described as a mixture of the two case (a) potentials.
They are best described by Hund’s case (c) potentials (a, c)1u and c0+u . This notation
will be used throughout this work referring to the projection of the coupled spin and
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Figure 2.1: Excerpt of the molecular potential scheme of 40Ca showing the relevant
potentials dissociating to the 1S0 + 1S0 and 3P1+1S0 atomic asymptotes.
The excited potentials have been modeled by measuring the binding energy of the most
weakly bound molecular states using photoassociation spectroscopy [Kah14b] and com-
bining them with spectroscopic measurements of deeply bound states [All05]. Similar
measurements using two color photoassociation spectroscopy have been used to probe
the ground state potential X 1Σ+g and from the measurement of the four most-weakly
bound states both the long range interaction parameters and the scattering length of
calcium have been determined [Pac17]. The detailed description of the molecular po-
tentials enabled the comparison of the experimentally measured spectra to theoretical
predictions that will be the topic of this thesis.
2.3 Cold atomic collisions
A theory that describes the interaction of cold atoms in the presence of a radiation field
has been developed by Bohn and Julienne [Boh96, Boh99, Nic15a]. This theoretical
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formalism is the foundation of the presented work and shall be introduced in this
section. When two ground state 40Ca atoms with relative kinetic energy ǫcol approach
each other their collision properties will be governed by their ground state interaction
potential X 1Σ+g . In the presence of a light field with angular frequency ω tuned closely
to a bound state in an excited molecular potential the atom pair can be photoassociated
to a weakly bound excited molecule with binding energy Eb relative to the atomic
asymptote. In the case of the investigated 40Ca the measurements were focused on
transitions to potentials dissociating to atoms in the 3P1+1S0 states introduced in the
last section.
This process is referred to as photoassociation and in general it is not limited to the
interaction with a single laser but instead multiple laser frequencies ω1, ω2... can result
in a coupling between multiple molecular states. In this work, I will focus on the
description of the process with only a single photon per atom collision referred to as
one color photoassociation.
The frequency of the light field coupling the bound and scattering state is detuned
by ∆ = Eb − ~ω with respect to the binding energy of the molecular state that is
studied. The coupling can be described by a time-dependent interaction −d(R)·E(t) =
V
(i)
opt cos(ωit) where the constant optical potential V
(i)
opt is the amplitude of the harmonic
perturbation, d(R) is the molecular transition dipole operator and E(t) = E cos(ωt)
is the electric field vector of the coupling field with amplitude |E| =
√
2I/ǫ0c derived
from the intensity of the light I. According to Fermi’s golden rule the transition rate
between an energy normalized continuum state |φscat〉 and the molecular bound state




∣∣∣〈Φ|V (1)opt |φscat〉∣∣∣2 . (2.2)
Generally it is assumed that d(R) is only weakly depending on the distance between
the nuclei at long range, which is the case for the weakly bound states studied in this
thesis. For these molecules one assumes that the decay rate of the molecular state






In this equation fROT contains this factor of two between molecular and atomic de-
cay rate as well as the polarization dependence and the Hönl-London factor for the
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respective transition. The overlap integral fFCD = | 〈Φ|φscat〉rad |2 is usually referred to
as the Franck-Condon density or the free-bound Franck-Condon factor [Boh99] where
the subscript indicates that only the radial component of the wavefunction is taken
into account. Furthermore λ = 657 nm is the wavelength of the intercombination
transition. Bohn and Julienne [Boh96, Boh99] apply a scattering formalism with the
incident channel is the ground state potential V0 = X 1Σ+g and a single excited state φ
that depends on the excited molecular potential in question. In the case studied here
the involved channels are 0+u (c
3Πu) and 1u (a3Σ+u c
3Πu). Additionally they introduce
an artificial channel that addresses the natural decay of the excited molecular state by
a single parameter γ1 that as described before is initially assumed to be 2γatom. The
probability that a collision of single atom pair leads to the creation of a molecule is









Here Els is the light shift induced by the photoassociation laser that can in general be
calculated by evaluating a second order Franck-Condon factor that again involves the
scattering and bound state wave functions











where the incident-channel wavefunction and its irregular counterpart are represented
by f0, g0, respectively [Boh99].







2µǫcol/~ is the relative wave vector of the colliding atom pair and µ is
their reduced mass.
A photoassociation line belonging to an individual pair of atoms is Lorentzian as a
function of the detuning ∆ as can be seen from Eq. 2.4. Since the measurements were
performed on ensembles of cold atoms that follow a thermal velocity distribution the
initial collision energy ǫcol will generally vary which leads to a different stimulated rate
Γstim and a shift of the resonance condition. Also the center of mass of a colliding
atom pair will have a velocity component in the direction of the photoassociation laser
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introducing a Doppler shift to the measurement. The influence of these effects on
the final measurement will be described separately later in this chapter due to their
importance during the analysis of the measured spectra.
2.3.1 Franck-Condon densities
The Franck-Condon densities denoted as | 〈Φ|φscat〉rad |2 that have been used to evaluate
the stimulated rate in Eq. 2.2 were calculated using a coupled channel formalism based
on the experimentally determined excited (a, c)1u , c0+u and ground state potentials
X 1Σ+g . The Franck-Condon densities for transitions to the six most-weakly bound
states in the two excited potentials are shown in Fig.2.2 as a function of the collision
energy of the atom pair. These values also include the rotational factor that depends on
the angular momentum of the respective transition and assumes a linear polarization
of the spectroscopy light.
Figure 2.2: fROT · fFCD(ǫcol) for s-wave scattering (l = 0) calculated for a transition
from a scattering state with J = 0 to an excited state with J = 1 in the
potential 1S0-3P1 using a coupled channel model. The values belonging
to the six most-weakly bound excited states labeled by their vibrational
quantum number v′ are presented here. Courtesy of E. Tiemann.
The respective bound states are represented by a multicompomponent wave function
that is represented by a combination of basis vectors |1S0 +3 Pj, l, J〉 in the Hund’s
case (e) basis. In this description the first part in the basis vector describes the atomic
asymptote the molecule with atomic angular momentum j dissociates to, while l stands
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for the angular momentum of rotation of the atom pair and J denotes the total angular
momentum of the molecule. For the excited states only J = 1 and negative parity are
relevant leaving us with a total of three basis states:
∣∣∣1S0 + 3P1, 0, 1〉 , (2.7)∣∣∣1S0 + 3P1, 2, 1〉 , (2.8)
and
∣∣∣1S0 + 3P2, 2, 1〉 . (2.9)
Due to the electric dipole selection rule ∆l = 0 only the component |1S0 + 3P1, 0, 1〉
contributes to the overlap with the continuum represented by |1S0 + 1S0, 0, 0〉. At
the low temperatures used in the experiment it is sufficient to only consider s-wave
scattering states for the calculation of the Franck-Condon densities corresponding to
an angular momentum of J = 0 and positive parity. Both components given in Eq.
2.7 and 2.8 are relevant when evaluating the bound-bound transition probability that
is given by Franck-Condon factors [Pac17].
2.4 Photoassociation lineshape
In order to calculate the lineshape that is measured in an experiment I have to average
Eq. 2.4 over an ensemble of 40Ca atoms that follow a thermal velocity distribution at
temperatures in the low microkelvin regime. This introduces several effects that lead
to a broadening of the initially Lorentzian shape:
• The Franck-Condon density for a transition from a two-atom scattering state to
a bound molecular state strongly depends on the collision energy ǫcol leading to
different stimulated rates Γstim(ǫcol).
• The initial collision energy ǫcol directly influences the resonance condition in the
denominator of Eq. 2.4 and has to be considered by averaging over the thermal
distribution of the atomic ensemble.
• The resonance condition is further altered by the center-of-mass motion of each
individual colliding atom pair introducing a Doppler shift that has to be addressed
when evaluating the lineshape.
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To account for the dependence of the Franck-Condon density on the energy of the
scattering states the stimulated rate was evaluated assuming the validity of the Wigner
threshold law [Wig48]. It states that at sufficiently low energy, i.e. at microkelvin
temperatures like in the experiment, for s-wave scattering the overlap between the
bound and scattering wavefunction and thus the Franck-Condon density is proportional
to kr. A common approach when introducing this behavior is to define an energy-










The introduction of this optical length considers the dependency of the stimulated rate
of the Franck-Condon density in Eq. 2.3 and substantially simplifies the generation of
simulated spectra that can be compared to experimental results.
The momenta of the atoms in the dipole trap were modeled by two Boltzmann-



















that depend on the temperature of the sample T , the most probable momenta pM =√
2kBT2mCa, pµ =
√
kBTmCa and impulses pc, pr of the center-of-mass and the rel-
ative motion of the atomic pair, respectively. To obtain the thermally broadened






d3prfµ(pr)K(∆− pc · klas2mCa ,pr). (2.13)
This expression was simplified by the introduction of two dimensionless quantities
y = −klas · pc/(klaspM) and x = |pr|/pµ that reduces the six dimensional integral to a

















) ∣∣∣S(∆, y, x2)∣∣∣2 , (2.14)






denotes the partition function for free particles.
The experimental signature measured in photoassociation experiments is the loss of
atoms from the sample. The loss of atoms depends on the coefficient 〈K(∆)〉 and the
the local atomic density inside the dipole trap ρ according to
ρ˙ = −2 〈K(∆)〉 ρ2. (2.15)
I assumed that every photoassociation event leads to the loss of two atoms and that
one-body losses due to the limited lifetime of the atoms in the dipole trap are negligible
compared to the losses induced by the laser radiation since the lifetime of the trap (≈
56s) is long compared to the photoassociation duration (τPA < 100ms) [Kah14b]. The
parameter that is accessible in the experiment is the total number of atoms remaining
after a set photoassociation time τPA. Thus, to calculate the theoretical lineshapes I
integrated Eq. 2.15 assuming that the thermal nature of the distribution of atoms in
the trap is not altered by the increased losses in the center of the trap relative to the
edges i.e. the density distribution remains Gaussian over the course of a measurement.
The corresponding differential equation regarding the number of atoms rather than the
local density is then given by
N˙ = −βN2 (2.16)














is the effective volume of the dipole trap with the harmonic trapping frequencies ωi
that will be derived from the atom trap parameters in the next chapter.





which allows the calculation of photoaccoation spectra from experimental parameters
that are to be compared to the experimental measurements in the following sections.
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A more detailed description of the conversion from local density to total number of
trapped atoms is given in Appendix A after Section 8.1.
2.5 Molecular saturation at high intensities
An important part of this work focuses on the saturation of the photoassociation tran-
sition and as such it is important to know at which intensity the transition is considered
saturated. The regions of high and low intensity will be used throughout the descrip-
tion of the experimental results. An atomic transition is starting to show signs of
saturation when the natural linewidth of the transition γatom is equal to the linewidth
induced by the coupling to a resonant light field. The intensity at which saturation




= 1.724 · 10−7 Wcm−2. (2.20)
I have used a similar approach to determine the molecular saturation intensity relevant
for the photoassociation process. From Eq. 2.3 one can determine when the stimulated
starts to become a substantial influence on the width of the resonance i.e. when
Γstim = γmol = 2γatom. Consequently signs of saturation should start to become visible
in the measured spectra at intensities greater than
Isat,PA =
16πc
3λ3| 〈Φ|φscat〉 |2 . (2.21)
The same approach has been used in the description of photoassociation spectra of
group I atoms [Sim02].
Chapter 3
Experimental apparatus
In order to suppress a wide range of effects detrimental to high precision spectroscopy
the atoms investigated in this thesis have been cooled to low micro-Kelvin tempera-
tures. The experimental scheme is generally the same as during earlier measurements
of the binding energy of the molecular states [Kah14b, Pac17] and can be separated
into three stages. Firstly, calcium is evaporated inside an electrically heated oven and
decelerated in a Zeeman slower. Subsequently a part of the slowed atoms is further
cooled by means of a two-stage magneto optical trap (MOT) [Met99]. In the last step,
the atoms are transferred to a crossed optical dipole trap where the atoms with the
highest kinetic energy are removed by evaporative cooling. After the atomic sample
is prepared the atoms are probed with a spectroscopy laser that can be adjusted in a
wide frequency and intensity range. In the last step the number of atoms in the optical
dipole trap is determined from the optical density of the atomic sample measured by
absorption imaging of the atomic cloud. The individual stages of preparation of low
energy 40Ca atoms, interaction with spectroscopy light and subsequent measurement
of the atom number will be described in detail in the following sections.
3.1 Preparation of cold atomic samples
The experiment is performed inside an ultra-high vacuum chamber (see Fig. 3.1) at a
pressure of 2 ·10−10 mbar. Metallic calcium is evaporated in an electrically heated oven
at temperatures between 570 and 600 ◦C. The beam of hot atoms is decelerated in a 38
cm long Zeeman slower connecting the oven to the main vacuum chamber [Naz07] using
light at a wavelength of 423 nm corresponding to the broad singlet transition 1S0−1P 1.
After exiting the slowing region the atoms are deflected from their original beam path
by an optical molasses to allow continuous loading of the MOT without perturbation
by the high velocity particles in the hot atom beam. Subsequently, they are further
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cooled by two consecutive MOT stages operating on the broad singlet transition 1S0-
1P1 and the narrow intercombination transition 1S0-3P1 of calcium at wavelengths of
423 nm and 657 nm, respectively. In the final step of the cooling cycle part of the
pre-cooled the atomic sample is transferred to an optical dipole trap operating at a
frequency of 1030 nm and its temperature is further reduced by means of evaporative
cooling where the trap depth is lowered adiabatically. Inside the vacuum chamber a
pair of coils in Helmholtz configuration generate the magnetic field gradient required
for the individual MOT phases. The same coils are used during the measurement to
impose a bias field of B = 0.285(7) mT that defines a quantization axis for e.g. the
polarization of the spectroscopy laser [Naz07]. A schematic drawing of the vacuum
chamber and the involved laser beams is shown in Fig. 3.1.
Photoassociation
laser
Figure 3.1: Schematic drawing of the experimental chamber and the beam path of the
involved cooling and spectroscopy beams. The blue arrows indicate laser
beams close to the singlet transition frequency of 423 nm, the red arrows
represent beams tuned closely to the triplet transition frequency of 657 nm
while dipole trap beams operating at 1030 nm are shown in orange.
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3.1.1 Singlet transition MOT
After the initial cooling the calcium atoms exit the Zeeman slower with an average
velocity of ≈ 40 ms−1 and accumulate inside a MOT that uses light resonant to the
atomic singlet transition 1S0−1P1 i.e. at a wavelength of 423 nm (see Fig. 3.2 for a de-
tailed energy level diagram). The MOT is formed by three pairs of counter-propagating
beams where each beam can be adjusted individually regarding its direction, intensity
and polarization. From the excited state 4s4p 1P1 the atoms only partially decay di-
rectly back to the ground state. With a probability of ≈ 10−5 atoms instead decay to
the metastable 4s3d1D2 state [Bev89, Lel87]. By application of a second light source,
the so-called repumper, operating at a wavelength of 672 nm, atoms in the metastable
state are pumped to the 4s5p 1P1 state instead from where they almost immediately
decay back to the ground state due to the short lifetime of the state. In the ground
state the atoms can then again interact with the cooling light to further reduce the
sample temperature. This repumping scheme considerably reduces the time it takes
to create cold samples in the experiment. The atoms are typically cooled for 1 second
in this stage which results in a final number of atoms of ≈ 3 · 108 at a temperature of
≈ 4 mK inside the MOT.
Figure 3.2: Reduced energy level diagram of calcium showing the transition frequencies
and decay rates relevant to cooling and spectroscopy.
18 Chapter 3 Experimental apparatus
The cooling light is generated by a commercial Titanium-Saphire laser Coherent -
MBR 110 that is pumped by a Verdi V10 producing 1.6 W of light at ≈ 845 nm. This
light is fed into a buildup cavity where its frequency is doubled by second harmonic
generation in a lithiumtriborat (LiB3O5) crystal resulting in a total power of 300 mW
near the atomic resonance frequency of the singlet transition in calcium. The exact
configuration has been described elsewhere [Deg04a]. The frequency of the laser light
is stabilized to an external reference cavity made from ultra low expansion (ULE)
glass spacer and two highly reflecting mirrors with a finesse F ≈ 1000 [Kah14a]. This
reduces fluctuations in the atom number between different experimental cycles. The
stabilization is realized by an AOM that shifts the frequency of the laser light to be
resonant to the TEM00-mode of the cavity and using a lock-in technique to transfer the
length stability of the spacer to the wavelength of the laser by controlling the frequency
setpoint of the Titanium-Saphire laser. This locking scheme holds the advantage that
long term drifts of the cavity can be corrected by a single AOM before the light is split
into different beams that detuned relative to the atomic singlet transition. The main
beam is split into multiple parts for the initial deceleration in the Zeeman slower, the
deflection molasses, the MOT beams and the absorption imaging. The frequencies of
all beams relative to the atomic transition can be individually manipulated by different
AOMs. The detuning with respect to the atomic transition of each beam is chosen in
a suitable way to maximize the number of atoms caught in the trap while at the same
time minimizing the temperature of the sample [Naz07].
The 672 nm light used for the repumping during this phase is generated by an extended
cavity diode laser (ECDL) ( Toptica DT100 + HL6714G-diode) with its frequency
stabilized to an external reference cavity made from ULE glass similar to the one the
singlet MOT light is stabilized to. Powers of up to 130 µW were used to repump the
atoms back to the ground state enhancing the cooling rate and thus the number of
atoms and temperature of the sample by a factor of three [App13]. The frequency of
the beam can again be adjusted by tuning its frequency relative to the TEM00-mode
of the cavity using an AOM. This frequency offset is also used to compensate the long
term drift of the ULE spacer itself.
3.1.2 Intercombination transition MOT
During this initial phase of cooling on the singlet transition the temperature that can
be reached is limited by a balance between heating from spontaneous emission and
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velocity damping due to the velocity dependent absorption from the Doppler effect.
This limit is called the Doppler limit and is about 0.8 mK for the singlet MOT. To
further reduce the sample temperature a second MOT operating at a wavelength of 657
nm corresponding to the strongly forbidden intercombination transition 1S0− 3P 1 was
used. The is generated by a ECDL laser that is stabilized to a high-finesse ULE cavity
that is temperature stabilized inside a vacuum chamber and specifically mounted to
suppress mechanical vibrations from the surrounding lab [Naz06]. The Pound-Drever-
Hall technique [Dre83] is used to transfer the length stability of the ULE spacer to
the frequency of the laser which results in a line width of 1 Hz corresponding to an
instability of 3·10−15 (after 100 s averaging time) [Naz08]. The light that is transmitted
through the cavity is amplified by a series of injection-locked slave lasers that provide
a power of 20 mW for the operation of the MOT. Due to the small linewidth, i.e.
long lifetime of the excited 3P1 state, the effective force on the atoms by absorption of
resonant photons is less than the pull by earths gravitation which would result in the




















Figure 3.3: Schematic of the generation and stabilization setup of the singlet MOT and
quench cooling light at 423 nm and 453 nm.
20 Chapter 3 Experimental apparatus
To increase the scattering rate we employ a so-called quench laser resonant to the
transition 3P1 − 1D2 [Bin01, Ste03]. Coupling these two levels helps depopulating the
long lived 3P1 by transferring them to the fast decaying higher lying state. The light
at 453 nm is generated by a Toptica TA-SHG system that consists of an ECDL laser
amplified by a tapered amplifier at 906 nm. Subsequently the frequency of the light is
doubled by second harmonic generation providing a power of 210 mW of light at the
desired wavelength. To ensure that the frequency of the laser does not drift during the
course of a measurement it is stabilized using the same technique and also the same
cavity that was used for the singlet cooling light. The light of at the two different
frequencies transmitted through the cavity is spatially separated by a prism to record
the individual modulated intensity for the stabilization on separate photodiodes. A
schematic of the lock-in setup is shown in Fig. 3.3.
In order to reduce the sample temperature as well as to increase the density in the
atomic sample, the light of the second stage MOT also illuminates the atoms during
the singlet MOT phase. By doing so the coldest atoms directly at the center of the
atomic cloud absorb photons at 657 nm rendering them opaque to the first stage MOT
light suppressing absorption by atoms and light induced losses [Ket93]. By application
of this technique the number of atoms after the initial cooling increases by about 40
% which translates to an increase of 30 % after completion of the second MOT stage
[Kah14b].
After the two initial MOT cooling phases the temperature of the sample is reduced to
about 10 µK and approximately 4 · 107 atoms remain in the trap.
3.1.3 Evaporative cooling in an optical dipole trap
Following the two MOT phases the kinetic energy of the atomic sample is further
reduced by evaporative cooling inside a crossed optical dipole trap [Kra09], which uses
the natural polarizability of the atoms in the strong electromagnetic field of intense
laser beams. The trapping light is generated by an Yb:YAG disc laser that is pumped
by high power laser diodes reaching a pump power of 100 W. The system generates
up to 15 W of laser light that is split into the tilted and horizontal trap beams. The
light has a wavelength of 1030 nm which is close to a magic wavelength where the
ac-Stark shift for the two levels involved in the intercombination transition 1S0 − 3P 1
are equal and cancel [Deg04a] each other. As the dipole trap is already beginning
to accumulate atoms during the MOT phase the cooling would be disrupted by the
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differential shift introduced by a non magical trap. Furthermore the photoassociation
spectra would also suffer from broadening due to the shift of the resonance depending
on the local trapping potential. The power in both beams is gradually reduced by
individually designed ramps [Vog09] to reach the desired temperature while maximizing
the number of atoms remaining in the dipole trap. Using this technique after about
0.6 seconds, depending on the evaporation parameters, ≈ 1.5 · 105 atoms in the trap
could be achieved at a temperature of 1 µK.
10
Figure 3.4: Time chart of an experimental cycle together with typical sample properties
after the corresponding stages.
A full experimental sequence together with typical experimental values for atom num-
ber and sample temperature at the corresponding stages during the experiment is
illustrated in Fig. 3.4.
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3.1.3.1 Dipole trap geometry
For the evaluation of the measured photoassociation resonances in the next chapter it
is of utmost importance to have precise knowledge of the trap parameters and the exact
geometry of the two intersecting beams that determine the size and in turn the density
of the atomic sample. The dipole trap volume VDT strongly depends on the power
in both dipole trap beams, the beam collimation and focusing as well as the exact
angle and position of the two overlapping beams. The power of both the tilted and
horizontal beam has been measured with a powermeter using a thermal sensor head
calibrated to an uncertainty of 5 %. The beamwaists of the two beams have both been
calculated from the characteristics of the fiber setup that guides the light from the laser
to the experiment chamber. The horizontal trapping beam is formed by collimation of
a beam coming from a fiber with a mode-field diameter (MFD) of 15 ± 2 µm 1 with
a f = 100 mm lens followed by a focusing lens with focal length f = 300 mm. The
optics have initially been set up to achieve a beam waist radius of w0 = 33 ± 4 µm
[Vog09]. The experimental setup does not allow for a direct measurement of the beam
at the crossing point of the two trapping beams without losing the ultrahigh vacuum
in the experimental chamber. Further, the focusing lens is too close to the viewport
through which it enters the chamber to deflect it and measure the waist in this way.
Instead I have determined the width of the collimated beam in front of the focusing
lens by a knife edge measurement to be 3.7 mm to verify the validity of the assumed
waist. The radius of the collimated beam translates to a final waist at the focal point
of 30± 3 µm also taking into account the remaining curvature of the beam, since the
output facet of the fiber is by design not perfectly in the focal point of the collimation
lens.
The tilted trap beam is generated in a similar way as the horizontal beam. It is formed
using identical optical components except for a different optical fiber guiding the light
to the vacuum chamber. The polarization maintaining fiber has a smaller MFD of
12.6± 1.5 µm. With the different fiber guiding he light towards the vacuum chamber
the expected beam waist radius was calculated to be w0 = 19.0 ± 2.5 µm assuming
the facet of the fiber is directly in the focal point of the collimation lens. In the case
of the tilted trap the beam can be deflected right in front of its entry point into the
vacuum chamber. This allows a direct measurement of the beam waist by means of
1For the MFD of the optical fibers I assumed the production tolerances given in the data-sheet as
1σ-uncertainty
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moving a ccd camera along the beam path while measuring the radii at each position
and finally fitting a Gaussian beam evolution to the data. The measured result of
w0 = 19, 5± 1, 3 µm is in good agreement with the calculation.
When calculating the trap frequencies and effective volume one has to keep in mind that
the focusing lens of the tilted beam was shifted by 4.5 mm with respect to the position
where both dipole trap beams intersect at their respective waists. This results in a
beam radius of 77 µm at the intersection of the two trapping beams. This modification
was introduced to increase the size of the optical dipole potential which allows longer
evaporation cycles leading to a more effective cooling due to a suppressed three body
collision rate [Kra09].
3.1.3.2 Measurement of the trap frequency
Since the horizontal beam waist radius could not be directly measured by deflection
of the beam it has been verified by means of a release-recapture method [Deg04a]
from which the harmonic trapping frequencies could be determined. The harmonic
frequency inside the dipole trap beam is directly related to the beam parameters i.e.
the waist radius and power of the trapping beam. The technique relies on capturing
atoms in the dipole potential of a single trapping beam. The atoms accumulate at
the position of the highest light intensity in around the beam waist and the cloud
takes on the shape of a cigar. Afterwards the dipole trap is switched off for a short
amount of time trelease = 100 µs and the atoms expand freely in space. After the
free evolution of the ensemble the trapping beam is switched on again and most of
the atoms are recaptured in the dipole potential. The atoms now perform a damped
oscillation in the trapping potential depending on the trap geometry and their velocity
at the moment of their recapture. The oscillation evolves for a time tosc after which the
atoms are again released from the trap by switching off the trapping beam. Depending
on the current phase of the oscillation the atoms will again expand and after another
recapture cycle the fluorescence signal that is proportional to the number of recaptured
atoms is measured. To reduce the uncertainty of the measurement the fluorescence was
normalized by the signal without a second switch-off and corrected for the dark count
rate of the photomultiplier used for the measurement. From a series of measurements at
different times tosc the frequency ωrad at which the atoms oscillate in radial direction in
the horizontal dipole trap can be extracted from a fit of a damped oscillation to the data.
From the fluorescence shown in Fig. 3.5 at a beam power of Phor = 7 W and an initial
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release time trelease = 100 µs the radial trapping frequency ωrad = 2π · 1550(57) s−1 was






with the trap depth U0 = α 12ǫ0cI0. Here the polarizability of the calcium ground state
for σ polarized light at 1030 nm is α = h · 47.25 · 10−7Hz/(V2/m2) [Deg04a] and
I0 = 2Phorπw2
0
denotes the peak intensity of the studied horizontal dipole trap beam. This
translates to a beamwaist of w0 = 36±3 µm which is in good agreement with the value
of w0 = 33± 4 µm cited before.
Figure 3.5: Number of recaptured atoms after different oscillation durations tosc after
an initial release time of trelease = 100 µs in the horizontal dipole trap. The
measurements were taken at a power of Phor = 7 W.
Due to the lower power and the additional gravitational pull along the trap it was
not possible to directly measure the trapping frequency of the tilted beam via the
release-recapture method.
3.1.3.3 Calculated trap frequencies in a tilted trap
The trap frequencies inside the crossed trap have consequently been calculated for beam
parameters of the individual beams during the measurements in order to estimate the
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density of the atomic sample. In general the induced dipole potential acting on an





where I is the local intensity of the respective laser beam. After a suitable parame-
terization in the plane spanned by y and z that contains both trapping beams their
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where z denotes the propagation direction of the tilted beam and y is perpendicular
to the z-direction. The inclination β between both beams is 54◦and the peak intensity
of the individual beams is denoted by Itilt,0 and Ihor,0. The waist radius of the two
beams is given by wtilt,0 and whor,0 and since the two beams do not intersect at their
respective focus points the position dependent beam radius of the tilted beam is given







with the Rayleigh length zr = nπw0λ−1 [Met99]. For the
calculation I assumed the horizontal beam crosses the tilted beam in its focal point.
The complete potential Utot the atoms experience is given as the sum of both beams.
Assuming that the potential is harmonic around its minimum it can be written as:
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and relating these values to the motional eigenstates of an atom in the potential
















the trap frequencies ω1, ω2 along and perpendicular to the tilted beam can be calculated
for the respective trap depth during the individual measurements. To give a general
impression of the magnitude I have calculated the trap frequencies for a typical con-
figuration of the dipole trap with Ptilt = 1.2 W and Phor = 0.6 W. They are given by
ω1 = 715 s−1 and ω2 = 3428 s−1. The squared sum of these values gives the harmonic
frequency in the second radial direction that is ω3 =
√
ω21 + ω22 = 3502 s
−1.
3.1.4 Temperature of the atomic sample
The temperature of the sample has been determined from time-of-flight measurements
using absorption images of the atomic sample. For this, a cold sample was prepared
using a full experimental cycle without application of spectroscopy light and absorption
images after variable times t of free-expansion were recorded. The atomic cloud expands
freely after release from the dipole trap and the RMS radius σ(t) evolves according to




where the initial rms radius of the atomic sample at t = 0 i.e. directly after the
release from the trap is σ0. From a series of absorption images shortly after release
from the dipole trap and after an extra amount of free expansion (we routinely used
four milliseconds expansion time and compared the measured rms radius to an image
directly after release, i.e. t = 0) the temperature was determined for each individual
evaporation ramp used to generate the cold samples. The temperature depends on
both the evaporation time sequence and the final power in both dipole trap beams.
3.2 Spectroscopy laser setup
The light used for the spectroscopy has to meet various characteristics in order to pro-
duce spectra that can later be evaluated. The natural linewidth of the triplet transition
in calcium is smaller than 1 kHz but the line is thermally broadened depending on the
temperature. The narrowest spectra we recorded are ≈ 30 kHz wide. Consequently
the linewidth of the spectroscopy laser has to be narrow enough that the details in
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the recorded loss spectra are not hidden underneath the convolution of the laser shape
with the strongly wavelength dependent loss coefficient.
In the experiment this is achieved by locking an extended cavity diode laser (ECDL)
to a stable reference resonator made from ultra low expansion glass transfering the
high mechanical stability of the cavity to the frequency of the laser light. The cav-
ity is housed inside a low pressure vacuum chamber and its temperature is stabilized
close to a zero crossing of its thermal expansion coefficient in order to suppress ther-
mally induced length instabilities of the reference resonator. The light is stabilized
to this resonator by means of the Pound-Drever-Hall technique achieving a final line
width of ≈ 1 Hz [Naz06, Naz07]. The reference cavity shows a small linear drift of
f˙cavity = 4.75kHz/day which is compensated by an AOM in double pass configuration
continuously changing its driving frequency to counteract the slow drift and keeping
the frequency fixed near the atomic transition 1S0-3P1 . The stability of this so-called
master laser is transferred to another ECDL that serves as the spectroscopy laser via
a phase locking technique.
3.2.1 Phase locking technique
As a result of the Pound-Drever-Hall locking technique the light from the master ECDL
has a characteristic spectral power distribution around the frequency the laser is stabi-
lized to. This is due to the finite bandwidth of the servo loop in combination with the
frequency noise of the free-running laser [Naz08]. To reduce this noise we do not use
the light directly emitted by the laser but instead the light that has passed through
the optical cavity which has a high spectral purity [Hal05]. This light only has a power
of 40 µW and has to be amplified via an injection locked slave laser for further appli-
cations. The amplified light is overlapped with light from a second ECDL in Littman
configuration [Rie04] and the beat note between the two lasers is monitored using a
photodiode that is able to measure frequencies up to 1.6 GHz. This range allows to
perform spectroscopy on the two most-weakly bound states in the excited molecular
potentials c0+u and (a, c)1u . The setup can also be used with a different fiber cou-
pled photodiode assembly that allows detection of the beat note from 4 to 40 GHz
instead in order to probe more deeply bound rovibrational states. The signal of this
photodiode is mixed with the output of a signal generator Marconi 2024 such that the
difference between the two radio frequencies is around 100 MHz. The signal is filtered
by a band pass filter centered at 100 MHz rejecting the sum frequency and fed to a
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phase frequency comparator that compares this signal to a stable 100 MHz reference.
The output of the phase-frequency comparator is divided into a part that is used to
correct fast frequency fluctuations that is applied directly to the current of the laser
diode while a second servo signal controls a piezo actuator that shifts the mirror inside
the laser adjusting slow frequency drifts of the laser up to typically a few kHz. Through
this phase locking technique the frequency of the spectroscopy laser can be tuned rel-
ative to the stable reference by slowly adjusting the output frequency of the signal
generator while keeping the narrow linewidth of the spectrally filtered light from the
stable resonance. The beat between the narrow light from the cavity-locked reference


























Figure 3.6: Beat between the reference cavity locked ECDL and the offset phase-locked
ECDL. Most of the spectral power is located in the central carrier peak
32 dB above the background. The spectrum was measured using a fast
photodiode on a spectrum analyser Rigol DSA 815 with a RBW of 1 kHz
averaging over 100 measurements.
and the phase-locked spectroscopy beam is shown in Fig. 3.6. One can immediately
see most of the power is concentrated at the distinct peak that is at least 32 dB above
the suppressed background in its direct vicinity (±100 kHz). At approximately ±1.4
MHz there are undesired peaks in the spectrum that are related to the electronic servo
of the unfiltered light of the reference laser and are not present in the spectroscopy
light. The integrated power in the carrier peak amounts to 92 % of the total power
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of the spectroscopy beam measured by a power-meter. This fraction has been taken
into account when determining the incident photoassociation intensity that is crucial
for the evaluation of the measured atom losses in the next chapter.
3.2.2 Effective photoassociation intensity
There are other systematic uncertainties that have to be taken into account to properly
estimate the light intensity the atoms experience during the spectroscopy. First of all,
part of the light of the spectroscopy beam illuminating the atoms is reflected and
absorbed by the viewports of the vacuum chamber. This effect has been estimated
by measuring the power of the spectroscopy beam before it enters the experiment
chamber and comparing it to the power after passing through the empty chamber. In
total the power of the beam passing through two identical viewports is reduced by 8
%. Consequently I assumed that the spectroscopic intensity is reduced by ≈ 4% at
the location of the studied atomic samples. This effect has to be combined with the
transfer efficiency determined in the last section leading to a combined reduction of
the incident power by 12% in total.
I have further considered that potentially the local intensity is reduced by an imperfect
overlap of the spectroscopy beam with the atoms inside the trapping region. The initial
size of the dipole trap strongly depends on the final power in the trapping beams after
evaporation but generally it is smaller than σrad = 30 µm in the direction of its biggest
extension. This beam has to be overlapped with the spectroscopy beam whose beam
waist radius has been measured with a CCD camera to be w0 = 50(3) µm. It is
very difficult to estimate the exact overlap of the beam with the cold atoms since it
is not possible to access the region of the atom cloud in the vacuum chamber and
directly measure the power and radius of the beam in situ. Instead the overlap could
only be determined indirectly. I have used an iterative procedure to optimally align
the atom cloud and photoassociation beam. First, the spectroscopy beam is tuned to
the atomic resonance frequency and roughly overlapped with the cold sample. The
number of atoms in the ground state measured by absorption imaging is reduced as
soon as atoms are excited to the triplet state and due to the low saturation intensity
of the intercombination transition very low laser power already excites every atom in
the sample. As the number of atoms is monitored the power in the spectroscopy beam
is gradually reduced. At sufficiently low power in the beam a fraction of atoms is no
longer excited which is when the spectroscopy beam is realigned in order to minimize
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the remaining atoms again. The alignment of the center of the Gaussian spectroscopy
beam with the center of atomic cloud is achieved by moving the focusing lens right
in front of the vacuum chamber perpendicular to the collimated spectroscopy beam.
This process is continuously repeated until an optimal configuration is found for which
a minimal incident power removes most atoms from the trap. In a second step the
focusing lens is shifted along the propagation direction of the beam resulting in a shift
of the waist relative to the atomic cloud until the measured number of atoms in this
direction is also minimized. Since it is not possible to directly measure the intensity at
the position of each individual colliding atom pair I assumed an uncertainty of 20 %
for the intensity calculated from the power measured in front of the window and the
beam waist.
3.3 Experiment control
The individual components of the experiment are remotely controlled by a personal
computer. A control program communicating with a Becker & Hickl PPG-100 bit
pattern generator serves as the basis of the experiment where the time schedule for
experimental cycle is stored at the beginning of each measurement. The PPG generates
digital control signals for the different components of the experiment:
• the mechanical shutters blocking the path of beams that are not utilized during
the different experimental stages,
• the voltage controlled oszillators that for example power the AOM regulating the
intensity of the spectroscopy beam,
• the trigger of the avalanche photo-diode recording the fluorescence during the
blue and red mot stages,
• the power supplies of the magnetic coils during the MOT phases and for the offset
magnetic fields,
• and the PID controllers steering the dipole trap ramping process.
The setup of the magnetic coils as well as ramps of the dipole traps are also configured
in the same software and stored in a National Instruments 6733 PXI digital-analog
converter as voltage ramps. Via a National Instruments BNC-2110 breakout-box the
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ramps are fed into PID controllers that are stabilizing the readout of photodiodes
recording the incident dipole trapping beam powers allowing individually designed





















Figure 3.7: Overview over the experimental components that are centrally controlled
by the meausurement software. Both the master laser frequency used for
cooling during the red MOT phase as well as the frequency of the offset-
locked spectroscopy laser can be controlled individually. The explanation
for the different abbreviations can be found in the text.
quency can be adjusted by changing the frequency output of the signal generator
Marconi 2024 that is connected to the computer via a GPIB-LAN interface enabling
custom frequency stepping. If the individual step size does not exceed 20 kHz the
spectroscopy laser stays locked relative to the reference. Bigger steps would lead to a
failure of the offset-lock stabilizing the spectroscopy laser to the stable master laser. A
second computer evaluates the absorption images taken by a Photomentrics ColdSnap
ES CCD camera and transmits the result of each individual measurement to the com-
puter controlling the experiment. This solution has been chosen to reduce load due to
saving three high resolution camera pictures and calculating the optical density and
potentially negatively impacting the experimental cycles.
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Chapter 4
Photoassociation: From low to high power
In this chapter I examine the photoassociation spectra of molecular states of the bosonic
isotope of calcium 40Ca in a wide range of intensities. Transitions to two different bound
states have been investigated and compared to theoretical expectations relying on the
description of the photoassociation process described in Chapter 2 and the experi-
mental parameters given in Chapter 3. The two rovibrational states of 40Ca2 in the
potentials 0+u and 1u that have been experimentally probed are in the following denoted
by v′ = −1; Ω = 0 and v′ = −1; Ω = 1 , respectively. The states are bound at energies
of EΩ=0 = −0.308700(8) GHz · h and EΩ=1 = −0.982977(7) GHz · h making them the
two most-weakly bound states below the molecular asymptote [Kah14b] dissociating
to atomic states 3P1+1S0 . They have been chosen due to the comparatively strong
overlap with the ground state scattering wave function which implies a good coupling
to the ground state continuum and the highest photoassociation event rate for states
belonging to the asymptote 3P1+1S0 . The high rates are beneficial for the experimen-
tal implementation since they allow for photoassociation times much shorter than the
lifetime of the dipole trap, leading to higher number of atoms and an improved signal
to noise ratio in the resulting data. The analysis of the data presented is affected by a
variety of uncertainty contributions, e.g. intensity fluctuations in the photoassociation
beam, that will be treated in detail in the next chapter.
Due to the comparatively small electric dipole coupling to the excited triplet state
applications relying on this interaction often use high intensities to produce an appre-
ciable effect. For example, a change of the scattering length by means of an optical
Feshbach resonance would benefit from high laser intensities [Nic15a]. On the other
hand we know from atomic physics that at high spectroscopic intensities saturation
effects are expected and part of this work is to investigate the saturation behavior of
photoassociation resonances.
The presented measurements are evaluated with a special interest in the rate of pho-
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toassociation events as well as the resonance shape as the spectroscopic intensity is
varied. As explained before saturation effects are expected at the highest intensities.
The saturation intensity of the investigated molecular transitions has been introduced
before (see Eq. 2.21) which translates to values of
Isat,PA,Ω=0 = 2.65 Wcm−2 and (4.1)
Isat,PA,Ω=1 = 8.09 Wcm−2 (4.2)
for the two investigated molecular resonances. The Franck-Condon density for this
calculation of the molecular saturation intensity has been evaluated at the respective
sample temperature i.e. for a transition to the state v′ = −1; Ω = 0 at T = 1.08 µK
and for the transition to v′ = −1; Ω = 1 at T = 0.8 µK. One has to keep in mind that
this definition is somewhat arbitrary since the atomic saturation is defined for a closed
two level atomic transition while the photoassociation has a defined excited state but
a continuum of initial scattering states that are populated by a thermal distribution.
At intensities higher than Isat,PA,Ω=0,1 the shape of the photoassociation line is expected
to start to broaden due to the increasing stimulated width Γstim defined in Eq. 2.2. A
series of photoassociation spectra showing the loss of atoms from an optical trap was
taken at different peak intensities of the spectroscopy beam. The used spectroscopic
intensities ranged from below 1 Wcm−2 up to almost 600 Wcm−2. From the previously
estimated values for the saturation intensity it should be possible to clearly witness
saturation and broadening effects from the measurements.
In order to quantify the effect of light-assisted molecule formation in an experiment
samples of atoms at very low temperatures were produced in quick succession. These
samples of atoms at temperatures around one micro-kelvin are then illuminated by a fo-
cused spectroscopy beam resonantly tuned closely to the excitation energy of a weakly
bound molecular state in the interaction potential close to the 3P1 − 1S0 asymptote.
The frequency of the spectroscopy laser is subsequently scanned across the molecular
resonance in equidistant steps to record a single photoassociation spectrum. As the
laser photon energy is tuned closer to the difference between the initial collision en-
ergy of the atom pair and the energy of the molecular state more atoms are weakly
bound into a molecule thus reducing the number of atoms in the sample as they either
decay back to free atoms that are lost from the trap due to their kinetic energy or
to other bound molecular states that can no longer be detected. The optical density
of the atomic sample is then measured by absorption imaging from which the atom
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number as a function of frequency can be estimated. Finally, from the trap losses the
photoassociation loss coefficient 〈K(ν)〉 was calculated by application of the theoret-
ical formalism described in chapter 2 and the precise description of the experimental
parameters.
The resonance position provides insight into the binding energy of the molecular state
while the shape of the resonance and the magnitude of the trap loss are directly con-
nected to the optical coupling between the scattering continuum and the molecular
state. Comparing the measurements to simulations can provide understanding of pos-
sible limitations of the theoretical description and further our knowledge of the pho-
toassociation process.
The relevant parameters for the measurement are the photoassociation light inten-
sity IPA = 2PPAπw2
PA
, the power in both dipole trap arms after the evaporative cooling
Phor = 1.2 (1.0)1 W and Ptilt = 0.6 (0.25) W resulting in the respective radial and
axial trapping frequencies ωrad1 = 2π · 545 (356) s−1, ωrad2 = 2π · 557 (371) s−1 and
ωax = 2π · 114 (102) s−1, and the duration τPA the trapped atoms are illuminated. All
of these parameters are integral for the quantitative analysis of the spectra later. For
the evaporation ramp used during these measurements the temperature of the atomic
sample was determined to T = 1.08 (0.8) µK. In addition to the measured atom num-
ber simulations based on the theoretical formalism according to Eq. 2.14 were added
to every trap loss spectrum to allow a comparison of the expected shape and rate of
the resonance. In the case that the simulation shows a deviation in the absolute loss
of atoms from the trap this is corrected by a scaling factor that facilitates the analysis
regarding the width of the curve.
An example of photoassociation spectra measured at different intensities is shown in
Fig. 4.1. The effect of increasing the photoassociation intensity can be seen from the
graphs. At higher intensity the center of the line i.e. the resonance position is shifted
by an increasing AC Stark shift. In the given example the peak loss position is shifted
by ≈ 70kHz. Comparing the first and second graphs in Fig. 4.1 the photoassociation
duration τPA is kept constant while the intensity in the lower Graph was increased by
more than a factor of two. At medium intensities the peak loss rate increases with the
spectroscopic intensity while the overall shape is unaltered. The last graph shows the
highest spectroscopic intensity that was used to probe the v′ = −1; Ω = 0 level and
serves as an example of the power broadening of the line discussed before.
1The values given in brackets are the parameters corresponding to the measurements of the v′ =
−1; Ω = 1 state.










































Figure 4.1: Atom loss depending on the detuning on the photoassociation laser fre-
quency scanning across the molecular level v′ = −1; Ω = 0 at intensities of
IPA = {0.267; 0.705; 560.23} Wcm2 (top to bottom). The red solid line shows
a simulated spectrum adjusted to the peak losses of the experiment.
4.1 Low intensity spectra
First I will focus on the description of individual photoassociation spectra at low in-
tensities compared to the molecular saturation intensity. In this intensity range the
measured spectra are dominated by thermal effects in the atomic sample. The atomic
motion can be divided into two parts: the relative motion of the two colliding atoms in
their center of mass frame and the movement of the center of mass itself with respect to
the direction of the incoming spectroscopy photons. The former induces a thermal shift
that causes an asymmetric broadening of the line following a Boltzmann distribution,
while the latter induces a Doppler shift that inhomogeneously broadens the recorded
spectrum. Both shifts are depending on the temperature of the atomic sample which
is one of the reasons the experiments are performed at low µK temperatures.
In Figure 4.2 the spectra of both examined molecular states at their respective low-
est recorded photoassociation power P = 0.11 mW and P = 0.57 mW are presented.
These powers correspond to intensities of IPA = 0.27 Wcm−2 and IPA = 1.28 Wcm−2
irradiating the cloud of cold atoms, respectively. The intensity already considers the
transfer efficiency of the offset lock and the attenuation by the viewport which reduces
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the calculated peak intensity by 12 %. For both molecular states the number of atoms
as a function of the detuning relative to the atomic asymptote 3P1+1S0 show a distinct
resonance feature close to the binding energy of the respective molecular state. At the
center of the resonance up to 30 % of the initial atoms are lost at the chosen illumination
time τ which is given in the description of the graphs. The linewidth of the resonance
features was determined by fitting of a Gaussian to the atom loss coefficient β. I found
that the atom loss spectrum is well fit by a Gaussian which can be explained by the fact
that the thermal broadening is much larger than the width of the photoassociation line
for a fixed collision energy. The width at the lowest intensity were determined to 55
kHz and 38 kHz for the resonance in v′ = −1; Ω = 0 and v′ = −1; Ω = 1 , respectively.
In order to calculate the loss rate β from the atom number Eq. 2.19 was evaluated
with the respective irradiation time τPA. Also shown are simulated atom losses from
numerical calculation of the thermally-averaged density related loss coefficient 〈K(∆)〉
from Eq. 2.14 that was subsequently converted to the atom loss rate β.
The measured remaining number of atoms in the optical trap is substantially higher
than one would expect from the simulated photoassociation spectra. To exclude that
this is a singular effect I have also studied spectra recorded at various intensities below
saturation. I have compared the peak loss coefficient 〈K(∆)〉 to calculated values and
found that for the v′ = −1; Ω = 0 state the simulated loss coefficient needs to be re-
duced by a factor of 19 in order to agree with the experimental data. This factor is the
same for the three lowest intensities (IPA = {0.27; 0.40; 0.71 Wcm−2) used during the
measurements. The same has been done for the v′ = −1; Ω = 1 state where the factor
was determined to be 16 instead. Possible explanations for this deviation will be dis-
cussed in detail in section 4.3. For an easier comparison of the shape of the resonances
the simulated loss coefficients have been scaled to match the experimentally measured
peak loss rates. Except for the absolute rate the simulations at low intensities show a
good agreement with the measured data in terms of shape and width of the resonance
feature. The width is also in good agreement with the value expected from the thermal
movement of the atoms. The width introduced through the center-of-mass motion of








= 22.8 kHz. (4.3)
The width originating from the relative motion of the atom pair corresponding to the
shift of the resonance condition by the initial collision energy of the scattering state on
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Detuning from atomic resonance [MHz]
Figure 4.2: Atom loss at low intensity depending on the detuning on the photoasso-
ciation laser frequency for the molecular level (a) v′ = −1; Ω = 0 and
(b) v′ = −1; Ω = 1 at an intensity of IPA = 0.27 Wcm2 (τ = 100ms) and
IPA = 1.28 Wcm2 (τ = 50ms), respectively. Also shown are the corresponding
spectra (red dashed curve) simulated using the same experimental param-
eters according to Eq. 2.14 together with a simulation (green curve) scaled
to match the experimentally measured losses in the center of the resonance.
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kBT = 33.7 kHz. (4.4)
These calculations assumed a sample temperature of 1.08 µK. The total thermal width
is Γtherm = 56.6kHz and Γtherm = 44.7kHz which is in agreement with the measured
values considering the uncertainty of 20 % for the time-of-flight temperatures 1.08 µK
and 0.8 µK during the measurement of the respective states. The good agreement
between calculated and experimentally measured width at low spectroscopic powers is
reasonable since the width of a photoassociation resonance at a fixed collision energy
is below 1 kHz in this intensity range i.e. ΓPA = γmol+Γstim << ΓD+ΓT and thus the
measured curve is dominated by thermal effects.
4.2 High intensity spectra
Until now the focus was on the measurements that were taken at comparatively low
intensities whereas this chapter concentrates on experimental data using photoassocia-
tion intensities up to 100 times larger than the molecular saturation intensity calculated
at the beginning of the chapter. At high enough power of the spectroscopy beam the
molecular resonance linewidth broadens until it becomes comparable to the combined
thermal and Doppler width. At that point there should be a visible effect in the spec-
tra.
Fig. 4.3 shows the measured spectra for both molecular states at the highest values of
photoassociation intensities, i.e. IPA = 560.2 Wcm−2 and IPA = 569.2 Wcm−2 for the
transition to v′ = −1; Ω = 0 and v′ = −1; Ω = 1 respectively. As in the case of the low
intensity spectra the simulation was adjusted to equalize the loss rate at the center of
the resonance with the measured values to simplify the comparison of the photoasso-
ciation lineshape. Contrary to the low intensity spectra shown in the last section the
measured rates are now much closer to the simulated value. For the molecular state in
v′ = −1; Ω = 0 the experimental value is now higher than predicted by the simulation
by a factor of 3.5 contrary to the behavior at low intensity. The measurement of the
v′ = −1; Ω = 1 requires almost no scaling at the highest recorded intensity where the
simulation result was reduced by a factor of 1.5 to match the experimental loss rate
. The width of the respective lines is again determined from β and gives values of
100 kHz and 55 kHz, which is bigger than in the low intensity case. The broadening
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of the spectral lines is is in agreement with calculations of the stimulated rate Γstim.
It is evident from the spectra at the highest intensities that the broadening is more
pronounced for the v′ = −1; Ω = 0 line compared to the v′ = −1; Ω = 1 line. This is
due to the bigger overlap between the scattering and molecular wavefunction i.e. the
Franck-Condon density of the more weakly bound state v′ = −1; Ω = 0 is bigger by a
factor of three compared to the state v′ = −1; Ω = 1 .
The dependency of the photoassociation rate and resonance width from the used pho-
toassocation intensity will be analyzed in the next sections.
4.3 Comparison of photoassociation rates: Experiment
vs simulation
The theoretical description of the photoassociation process presented in chapter 2 is
formally limited to the intensity region far from saturation. For many applications
e.g. optical Feshbach resonances one is more interested in the behavior at high power
since at higher intensities a more significant modification of the scattering length is
expected which is often desired to enable more efficient evaporative cooling for example.
Measurements of the photoassociation rate taken over a large range of spectroscopic
intensities will be presented in the following section. In order to effectively compare
the absolute molecule formation rate at different photoassociation intensities I have
incorporated the complete photoassociation resonance in the analysis rather than a







where 〈K(∆)〉 is the photoassociation loss rate depending on the detuning ∆ from the
molecular resonance as defined in Eq. 2.13. Integrating the photoassociation rate holds
the advantage that it is independent of inhomogenous Doppler and thermal broaden-
ing. Furthermore it is more robust against fluctuations during a single measurement
by averaging over multiple data points instead of only looking at the peak losses in the
center of the resonance.
To calculate the loss factor it is important to remember that the integrated rate 〈K〉area
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Figure 4.3: Atom loss at high intensity depending on the detuning of the photoassocia-
tion laser frequency from the atomic transition for transitions to molecular
levels (a) v′ = −1; Ω = 0 and (b) v′ = −1; Ω = 1 at an intensity of
IPA = 560.2 Wcm2 (τ = 0.8ms) and IPA = 569.2
W
cm2
(τ = 2ms), respectively.
Also shown are the corresponding spectra (red dashed curve) simulated us-
ing the same experimental parameters according to Eq. 2.14 together with
a simulation (green curve) scaled to match the experimentally measured
losses in the center of the resonance.
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z
z
Figure 4.4: Photoassociation loss factor 〈K〉area deduced from the measured atomic
losses for different photoassociation intensities. The top graph shows the
values for the v′ = −1; Ω = 0 state and the bottom graph shows the
v′ = −1; Ω = 1 state result. The line indicates the integrated rate from
simulated spectra according to Eq. 4.5.
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acts on the local atom density inside the trap while in the experiment one only has
access to the total number of atoms in the trap estimated from the optical density of
the sample. The atom loss factor β(∆) can be directly extracted from the measured
loss spectrum NAtom(T,∆) by Eq. 2.19 and then converted into the density related loss
rate 〈K(∆)〉 using Eq. 2.17 that can be compared to numerical calculations of 〈K〉area.
It is obvious that in order to accurately evaluate the experiment precise knowledge of
the dipole trap parameters in the trapping region is crucial since it enters directly in
the conversion of β to 〈K(∆)〉 in the form of VDT.
The result of this analysis is shown in Fig. 4.4 together with a simulation according
to the theoretical formalism that was introduced earlier.The error bars of the exper-
imental values have been constructed from different uncertainty contributions and an
overview is given in Tab. 4.1. The conversion of the atomic loss factor β to the density
related loss 〈K〉 that enters through the effective dipole trap volume VDT contributes
the most to the uncertainty as the exact geometry of the trapping beams could not
be determined as the experiment was performed. Additionally to the exact geometry
other experimental parameters further contribute to the uncertainty of the trapping
volume. The sample temperature determined by time-of-flight measurements is the
biggest contribution to the final value while the trapping frequencies calculated from
the power in the tilted and horizontal trapping beam give a smaller contribution to the
uncertainty. As detailed in chapter 3 the harmonic frequencies were calculated from
the trap beam parameters and the focusing optics.
The intensity of the photoassociation light at the position of the atomic sample is a
second source adding to the total uncertainty independent of the optical trap. Both
the radius as well as the power of the spectroscopy beam and most importantly the
deviation from a perfect overlap of the beam with the trapping region had to be con-
sidered to determine the intensity the atoms experience.
Another source of uncertainty arises from the determination of the area under the loss
coefficient curve 〈K(∆)〉. Depending on the spectroscopic intensity the shape of the
resonance is best described by either a Gaussian or Lorentzian. At low intensity the
resonance shape is dominated by thermal broadening effects while at higher intensity
the increasing stimulated width of the photoassociation line is better described by an
Lorentzian. To account for this, I have fitted a Gaussian and a Lorentzian to β as
a function of the detuning from the atomic asymptote and compared the results to
the area determined from numerical integration. I have then used the uncertainty of
the fit that best agrees with the numerical result to further calculate the combined
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experimental uncertainty.
dipole trap volume VDT






temperature T 0.15 · T 0.23 · VDT
0.3 · VDT
hor. waist wh 0.05 · wh 0.1 · VDT
tilt waist wt 0.05 · wt 0.15 · VDT
hor. power Ph 0.05 · Ph 0.05 · VDT
tilt power Pt 0.05 · Pt 0.03 · VDT
fit and integration of β





fit uncertainty (0.1− 0.2) · β
photoassociation intensity IPA






PA power PPA 0.05 · PPA 0.05 · IPA
0.16 · IPAPA waist wPA 3 µm 0.12 · IPA
overlap w. DT 0.1 · IPA
Table 4.1: Contributions to the uncertainty of the integrated photoassociation rate.
The individual items in the table are discussed in detail in the text.
I have found that at the lowest intensity the integrated loss is
〈K〉area (0.27 Wcm−2) = (1.93± 0.57) · 10−14m3Hz/s,
compared to the value from numerical simulation
〈K〉area (0.27 Wcm−2) = 4.54 · 10−13m3Hz/s
for the most-weakly bound state. There is a strong disagreement between the measured
and simulated rates. For the transition to the state in v′ = −1; Ω = 1 the experimental
data shows an overall lower value for the photoassociation rate where interestingly
the factor between the measured und calculated loss rates is different to the state in
v′ = −1; Ω = 0 . At intensities close or lower than the calculated saturation intensity
the numerical calculation overestimates the photoassociation losses by roughly the same
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factor for each respective transition.
Towards low intensities the stimulated rate is small compared to the natural decay rate










In this equation the optical length and consequently the scattering rate is proportional
to the intensity. This expected linear growth of the rate with increasing intensity can
be observed in the experimental spectra. Towards photoassociation intensities higher
than the respective saturation value the theoretical calculations predict a decline in
the increase of the integrated rate with an eventual saturation that cannot be seen in
the data. There is no apparent reason for the strong discrepancy at low intensities but
possible explanations e.g. that the intensity of the spectroscopy beam was misjudged
will be treated in the next chapter in greater detail.
4.4 Investigation of intensity-induced line broadening
From the last section it became clear that there is strong disparity between measured
and calculated absolute photoassociation rates. To get a more complete understanding
of the process I have investigated the shape of the resonance i.e. the width of the
atom loss spectra. This measurement is complementary to the previous results as the
width does not depend on the volume of the atomic trap but only on the spectroscopic
intensity, which makes it insensitive to uncertainties related to the modeling of the
optical trap.
At low intensities one expects that the lineshape is mostly dominated by thermal
effects of the cloud i.e. Doppler broadening induced by the center-of-mass motion of
the atomic pair with respect to the incident laser beam driving the photoassociation
transition and thermal broadening resulting from different collisional energies ǫcol of
the atom pair. This collisional energy and the Doppler shift enter in the resonance
denominator in Eq. 2.4 and change the frequency of the light required to resonantly
excite a transition to a rovibrational state (see Sec. 2.4). Towards higher intensities the
Lorentzian width of the photoassociation line Γstim + γ1 becomes more relevant to the
final shape measured by the experiment. As the stimulated rate increases with higher
46 Chapter 4 Photoassociation: From low to high power
intensity the width of the photoassociation line at a fixed collision energy becomes
comparable to the broadening effects induced by the thermal effects of the sample. In
order to see an appreciable effect of power broadening the atom loss spectra Natom(∆)
were converted to spectra of the atom loss coefficient β(∆) that were subsequently
fitted by a Gaussian to determine the FWHM. The results of this analysis together
with the values determined from simulated photoassociation spectra are shown in Fig.
4.5.
In the graph one can see that for the v′ = −1; Ω = 0 level the width starts to increase
with rising photoassociation intensity in good agreement with the theoretical calcula-
tion. At the lowest intensities the measured width is in agreement with the calculated
thermal broadening at a sample temperature T = 1.08 µK considering the uncertainty
of 15 % of the temperature measurement indicated by the dash-doted horizontal lines.
The same is true for the v′ = −1; Ω = 1 level and the corresponding sample tem-
perature T = 0.8 µK. The expected combined thermal width Γtherm + ΓDoppler and
the measured FWHM of the experimental data are in good agreement confirming the
assumption of mostly temperature dominated spectral width at low photoassociation
intensities. At the highest intensities an increase of the spectral width can be seen in
the data. The measured width at high intensities reproduces the results of simulated
spectra and is in good agreement with an average stimulated width 〈Γstim〉 calculated
directly from the Franck-Condon density. The coupling between the scattering and
bound state is much smaller for the state in v′ = −1; Ω = 1 which could explain why
the broadening can not be seen as clearly as for the other bound state. Intensities
above 1000 Wcm−2 would be needed to witness broadening comparable to the effects
seen in the v′ = −1; Ω = 0 line spectra.
4.5 Light shift: Experiment vs theory
The measurement of photoassociation spectra over a wide range of intensities also
allows me to estimate the absolute shift of the lines by the AC-Stark effect. This also
serves as a cross-check since the theoretical photoassociation lineshift is closely related
to the Franck-Condon densities but is insensitive to the dipole trap geometry making
the evaluation of this data less sensitive to experimental uncertainties compared to the
analysis of the absolute rates. I used the center of a Gaussian fit to the loss spectra
as the resonance position of the lines, neglecting that the actual resonance is slightly
shifted from the center of the spectrum. This method is sufficient to determine the
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Figure 4.5: Comparison of the simulated and measured FWHM of the two photoas-
sociation resonances (top) v′ = −1; Ω = 0 and (bottom) v′ = −1; Ω =
1 . For orientation the expected combined thermal and Doppler width
Γtherm + ΓDoppler considering the temperature uncertainty (purple dashed-
doted lines) and the calculated stimulated rate 〈Γstim〉 (red dashed line) are
shown.
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light shift as long as the neglected shift, which is on the order of a few kHz, remains
constant during the course of the measurement. The results are shown in Fig. 4.6 for
both measured molecular resonances. From a linear fit to the resonance position a shift
of fshift
IPA




= (−1.00 ± 0.05) · 10−4 MHz
W/cm2
for the
v′ = −1; Ω = 0 and v′ = −1; Ω = 1 line was extracted.
I have compared these results to theoretical light shifts calculated from the same
coupled-channel formalism that was employed to determine the Franck-Condon den-
sities and the optical length that have been the basis of the simulations presented
in this chapter. The theoretical light shift analogous to the Franck-Condon density
is a function of the collision energy of the scattering atom pair and has been eval-
uated at the respective sample temperature as described in Eq. 2.5. The value of
fshift,CC
IPA
= −1.24 · 10−3 MHz
W/cm2
was evaluated at a sample temperature of T = 1.08 µK
and fshift,CC
IPA
= −0.43 · 10−3 MHz
W/cm2
at a temperature of T = 0.8 µK that correspond to
the parameters during the respective measurement. Compared to the experimental
measurement the calculated shift based on the coupled-channel wavefunctions is sub-
stantially bigger. The factors of ≈ 9 and ≈ 4.3 between calculation and experiment
are not the same as the deviation in the case of the photoassociation rates though,
which does not point towards a systematic misjudgement of the spectroscopic intensity
considering that the power broadening was reproduced correctly.
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Figure 4.6: Measured shift of the center of a Gaussian fit with respect to the atomic
asymptote to the measured atom loss spectra for the molecular resonance
v′ = −1; Ω = 0 (v′ = −1; Ω = 1 ) depending on the used photoassociation
intensity in the top (bottom).
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Chapter 5
Discussion of previously unconsidered effects
The experimental results presented in the previous chapter rely on the validity theo-
retical approximations and on the experimental conditions as described in chapter 3
which are partly based on the description given in previous works. Not all parameters
of the experimental setup can be validated directly which is why the influence of some
of the approximations made and of limits to the experimental parameters from auxil-
iary measurements will be discussed here. The chapter can be viewed as a systematic
analysis by the variation of key experimental parameters and their influence on the
predicted photoassociation resonances.
5.1 Collision-energy dependent Franck-Condon density
At low temperatures of a few µK of the atomic samples studied in the experiment
usually the Wigner threshold law, i.e. that the Franck-Condon density is proportional
to the square root of the collision energy ǫcol is assumed when calculating theoretical
lineshapes. The precise molecular potentials obtained from previous measurements of
the exact binding energies of the most-weakly bound molecular states allowed us to
include the real energy dependence in the simulation. The collision energy dependence
of Γstim can potentially influence both the width and peak of the atom loss spectra which
is why I have compared the results from simulations assuming the Wigner threshold law
to spectra that have been calculated using the real energy dependence of the Franck-
Condon density. This has been implemented into the simulation by substituting the
calculation of the stimulated rate that is originally assumed to be proportional to the
optical length as described in Eq. 2.10 by the exact Franck-Condon density derived
from the scattering and molecular wavefunctions. Fig 5.1 shows the stimulated rate
Γstim calculated from the optical length by application of the Wigner threshold law
and based on the Franck-Condon density for a transition to the v′ = −1; Ω = 0 state
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Figure 5.1: Stimulated rate Γstim as a function of the collision energy calculated from
an optical length (dashed red line) and the Franck-Condon density from
coupled-channel calculation (black solid line) at an intensity of 1 Wcm−2.
assuming an intensity of 1 Wcm−2. While there is a good agreement at the lowest
collision energies the approximation tends to overestimate the coupling of the scattering
and bound states at higher energies.
A comparison of the simulated integrated rate between the Franck-Condon density
relying on the wavefunctions and Wigner threshold law approach is shown in Fig. 5.2.
As can be seen from the graph the rates towards low intensity are reduced by ≈ 10%
probably related to the fact that the Franck-Condon density peaks around collision
energies corresponding to a temperature of 100 µK while the approximation by the
Wigner threshold law is monotonously growing for increasing collision energy.
Thus the exact Franck-Condon density has only minor influence on the results for
the integrated rate and is not sufficient to explain the discrepancies seen between the
simulated and measured data. This shows that the assumed Wigner threshold law is
applicable in the investigated case.
5.1 Collision-energy dependent Franck-Condon density 53






























Figure 5.2: Integrated photoassociation loss factor 〈Karea〉 deduced from the measured
atomic losses for different photoassociation intensities. The top graph shows
the values for the v′ = −1; Ω = 0 state and the bottom graph shows the
values for the v′ = −1; Ω = 1 state. The solid grey line indicates the
integrated rate from simulated spectra using the formalism of Bohn and
Julienne assuming a fixed optical length and the Wigner-treshold law while
the red dashed line shows a calculation using the exact dependency of the
Franck-Condon density from the collision energy ǫ.
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5.2 Influence of atom recapture by the dipole trap
During the evaluation of the experimental rates I assumed that all photoassociated
molecules either decay back to ground state atoms that are subsequently lost from the
optical dipole trap or to ground state molecules that can no longer be detected by
absorption imaging due to the molecules being transparent to the absorption imaging
at 423 nm. Since the measured rates are substantially lower than predicted from nu-
merical calculations I considered the possibility that a relevant fraction of dissociated
atoms had sufficiently low kinetic energy that they were recaptured by the dipole trap.
To exclude unconsidered recapture by the trap I studied the photoassociation rates at
different trap depths. If substantial recapture was the cause of the reduced photoasso-
ciation rates seen in the measurement, performing the experiment with a deeper optical
trap one would expect a higher fraction of recaptured atoms that should further reduce
the measured rates. In the experimental setup the trap depth is strongly correlated to
different sample temperatures which complicates the comparison of the experimental
〈Karea〉 with the theory since it predicts a variation of the photoassociation rate with
the sample temperature. During the calculation of the predicted rate there are two
separate effects that have to be considered. Firstly, the distribution of collision energies
ǫcol is directly correlated to the sample temperature which leads to an increased median
shift in the denominator of Eq. 2.4 and also introduces a bigger Doppler broadening
due to the broader velocity distribution of the atom pairs with respect to the direction
of the spectroscopy laser. Furthermore, the temperature enters into the normalization
of 〈K〉 in the form of the translational partition function Qt when thermally averaging
over the sample leading to decreasing rates at higher temperatures.
Secondly, different sample temperatures are achieved by different evaporation ramps of
the optical dipole trap and with that varying final power in the dipole trap beams. As a
result a change of the trap depth changes not only the sample temperature but also the
dipole trap volume which has to be considered when evaluating the photoassociation
lines.
For both molecular states under investigation a series of measurements at different sam-
ple temperatures, i.e. trap depths, at the highest spectroscopic intensity were recorded
to determine whether an appreciable fraction of atom is recaptured. Additionally, an-
other set of measurements at much lower intensities was studied to separate effects
introduced by the increased power broadening of the lines.
The atomic loss factor β depending on the detuning from the threshold are shown
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Figure 5.3: The atomic loss factor β as a function of the detuning from the thresh-
old for the v′ = −1; Ω = 0 resonance at photoassociation intensities of
IPA = 10.98 and 560 W/cm2 and the v′ = −1; Ω = 1 resonance at photoas-
sociation intensities of IPA = 10.51 and 569 W/cm2 for different sample
temperatures.
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Ihor [mW] Itilt [mW] Tsample [µK] U0/kB [µK] VDT [10−14m3]
v′ = −1; Ω = 0
0.4 0.9 0.7 26.1 0.56
0.6 1.2 1.08 36.4 0.62
0.9 1.8 1.71 54.6 0.67
1.2 2.0 3.35 65.7 1.31
v′ = −1; Ω = 1
0.1 0.2 0.25 6.1 1.01
0.15 0.5 0.45 13.9 1.15
0.25 1.0 0.8 24.1 1.00
0.5 2.0 2.2 48.2 1.62
0.8 2.5 3.15 64.6 1.57
Table 5.1: Dipole trap beam power Ihor and Itilt, the corresponding time-of-flight tem-
perature Tsample, trap depth U0/kB and the volume of the trapping region
VDT.
in Fig. 5.3 for the v′ = −1; Ω = 0 resonance at photoassociation intensities of IPA =
10.98 and 560 W/cm2 and the v′ = −1; Ω = 1 resonance at photoassociation intensities
of IPA = 10.51 and 569 W/cm2 to give an indication of the influence of different sample
temperatures (the corresponding dipole trap power and trap depth are given in Tab.
5.1) during the measurement. The center of the line is shifted to lower frequencies at
higher temperatures as a consequence of averaging over a different energy distribution
and the AC-Stark effect of the varying dipole trap intensity. The width of the resonance
also increases mainly related to thermal broadening of the line. This is also a good
illustration for why it is useful to look at the integrated loss rate rather than the
maximum value since in theory it should be insensitive to thermal broadening.
The dipole trap power, the time-of-flight temperature of the sample, the maximum
trap depth and the calculated dipole trap volume used to evaluate the spectra are
shown in Tab. 5.1. If the temperature is a fixed fraction of the trap depth, then
the dipole trap volume would be independent of trap depth. Towards deeper traps
and higher temperatures however the otherwise almost constant trap volume shows an
increase which might be related to insufficient thermalization of the sample. The pho-
toassociation rates depending on the temperature are visualized in Fig. 5.4 together
with theoretically calculated values for comparison. As seen in the earlier evaluation
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there is a substantial disparity between the absolute value of the measured and calcu-
lated rates which is the reason I have chosen a logarithmic scale for this comparison.
Nevertheless, towards lower temperatures the measured rates seem to reproduce the
increase predicted by the simulation although the spread of the experimental values
makes it difficult to make a clear distinction. For the highest investigated tempera-
ture the results are inconclusive which might be related to the irregularities seen in
the dipole trap volumes discussed before. Overall the results do not point towards a
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Figure 5.4: Integrated photoassociation loss factor 〈Karea〉 as a function of the sample
temperature for the v′ = −1; Ω = 0 resonance at photoassociation inten-
sities of IPA = 10.98 and 560W/cm2 and the v′ = −1; Ω = 1 resonance
at photoassociation intensities of IPA = 10.51 and 569W/cm2. The black
squares and red dots symbolize the experimental data and the simulation,
respectively.
substantially increased recapture of dissociated atoms for deeper optical dipole traps.
This is also in agreement with the theoretical prediction, that the energy distribution
of the molecular decay products corresponds to the Franck-Condon density and can
be viewed as a reversed photoassociation process. As already shown in chapter 2, the
Franck-Condon density (Fig. 2.2) peaks around energies corresponding to 100 µK
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which is higher than the trap depth U0 = αIDTkBw2ǫ0c ≈ 30µK at which the measurements
were performed. More importantly only a fraction of the excited molecules actually
decays back to the atomic continuum while most of them decay to bound states in the
ground state potential [Pac17].
5.3 Alignment of spectroscopy beam
A second possible modification of the simulation I have studied is the effect of a mis-
alignment between the spectroscopy beam and the atomic cloud resulting in a reduced
photoassociation intensity IPA. Should the center of the Gaussian intensity distribution
of the spectroscopy beam and the center of the optical trap not be aligned as well as
described in section 3.2.2 the effective intensity illuminating the ultra-cold ensemble
can be significantly lower than assumed. This could for example be the case if we
accidentally align a reflected part of the photoassociation beam with the atomic cloud.
This is not very likely but is still a possibility worth to investigate. In order to bring
the measured and simulated integrated rates far from saturation shown in Sec. 4.1
into agreement the effective intensity needs to be reduced by a factor of 19 for the
v′ = −1; Ω = 0 state and by a factor of 16 for the v′ = −1; Ω = 1 state. One would
expect that for a simple misalignment of the beam the factor needed would be the
same for both measured lines.
Measurements of the Autler-Townes splitting [Aut55, Pac17] of the bound-bound
molecular transitions can be used to further investigate a possible misalignment of
the spectroscopy beam since the alignment procedure of the beams was the same as
described in Sec. 3.2.2. The experiment utilized the same optical setup as described
before with the addition of a second photoassociation beam that was coupled into the
same fiber the original beam used. The second spectroscopy beam uses a similar offset
locking scheme as described for the one color photoassociation setup (Sec. 3.2.1. In
order to observe an Autler-Townes doublet the second beam with intensity IAT oper-
ates at a frequency ωAT that is resonant to a transition between an excited molecular
state and a molecular state in the ground state potential X 1Σ+g . The setup of the
laser frequencies is schematically shown in Fig. 5.5. For this measurement the excited
state v = 39, J = 0 with a binding energy ∆bind/(2π) = 1387.442(9)MHz [Pac17] was
chosen. The resonance splits into an Autler-Townes doublet due to an avoided crossing
in the dressed state system of the two molecular states coupled by the resonant light
field. Scanning the original photoassociation laser across this excited molecular state
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Figure 5.5: Schematic drawing of the laser setup for measuring the Autler-Townes split-
ting. The laser with frequency ωAT is resonant between a molecular state
in the ground state potential X 1Σ+g and an excited state in the potentials
dissociating to the 3P1+1S0 asymptote while the laser with frequency ω1 is
scanned in the vicinity of the bound state in the excited potential.
while keeping the second laser resonant to the transition between the bound states
there are not one but two resonance features that are separated by the Rabi frequency



















The experimental signature scanning across the least bound state in the excited po-
tential (a, c)1u 1 is shown in Fig. 5.6 for different intensities of the Autler-Townes laser
that couples the two bound molecular states. The individual peaks have been fitted
by Gaussian functions and the distance in optical frequency between their respective
center , i.e. the Rabi splitting, has been determined from the graph. The result of this
analysis is shown in Fig. 5.6.
Also shown in the graph is the theoretically expected Rabi splitting derived from the-
oretical calculations. For the transition between the two states I assumed the Franck-
Condon factor fFCF = 0.531 calculated from the overlap between the two molecular
1which is identical to one of the states investigated in the the earlier sections of this work
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(a) (b)
Figure 5.6: Graph (a) shows the atom loss as a function of the detuning from the bound
state v′ = −1; Ω = 1 for different intensities IAT of the Autler-Townes laser.
In graph (b) the Rabi-splitting of the Autler-Townes doublet (black squares)
over IAT is fitted to Eq. 5.1 (solid red line) and compared to a calculation
using Franck-Condon factors (dashed black line).
wave functions in the coupled-channel model. This is similar to the determination of
the Franck-Condon density but instead of calculating the overlap with the scattering
wavefunction at different collision energies ǫcol this time the squared integral with a
bound state ground state wavefunction determines a single Franck-Condon factor. The
rotational factor was determined from angular momentum algebra and it is fROT = 2
for a transition between J = 1 → J = 0 in the case described here [Edm57]. From a
fit of Eq. 5.1 to the data points an experimental value for the Franck-Condon factor
was determined to fFCF = 0.45(9) which is in agreement with the coupled-channel
calculation indicating that the beams are aligned correctly and the intensity is indeed
what I initially assumed.
5.4 Energy dependence of the PA light shift
Until now I have neglected the light shift that is induced by the photoassociation laser
itself during the numerical calculations of the line shapes and rates. Since it is possible
to directly calculate the theoretical lightshift from the scattering and bound state
wavefunctions I have studied the effect of the shift on the simulated line and whether
including the shift improves the agreement with the measurement. The shift Els in
Eq. 2.5 has been calculated from solutions of the Schroedinger equation incorporating
the precise molecular potentials that have been determined in earlier studies [Kah14b]
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of the binding energies of the rovibrational states [Boh99]. The shift depends on the
energy of the colliding atom pair similar to the Franck-Condon density. As such it also
has to be considered when averaging over the thermal energy distribution of the the
atoms in the dipole trap which could potentially lead to a modification of the resonance
shape. The simulation has been modified in order to account for this effect by inclusion
of an additional term that alters the resonance condition in Eq. 2.4 in dependence of
both the intensity of the photoassociation light and the collision energy of the involved
atom pair.
The intensity-normalized shift as a function of the the collision energy is shown in
Fig. 5.72. According to the calculations the shift only weakly depends on the collision
energies below 10 µK. This behavior changes towards higher collision energies which
could lead to an appreciable effect on the shape of the resonance. Nevertheless as it is
a inhomogenous broadening effect it should have no effect on the integrated rate. The
effect on the shape of the simulated line-profile at high intensities is shown in Fig. 5.8.
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Figure 5.7: Theoretical calculation of the light shift induced by the photoassociation
laser according to Eq. 2.5. Courtesy of E. Tiemann.
The line is basically unaltered except for an absolute shift of the center of the resonance
that was compensated in the graph i.e. the center of the simulated resonances with
and without considering the light shift are both centered at the measured resonance
frequency. The peak rate is reduced by less than 10% while the width increases by
2the calculation of the wavefunctions has been performed by Prof. Dr. E. Tiemann
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about 4 kHz (see Fig. 5.8) for the highest intensity of IPA = 560 Wcm−2 measured
in the experiment. At lower intensity the broadening becomes less pronounced and
at the lowest intensity the spectra are basically unaltered compared to the simulation
not considering the light shift induced by the photoassociation laser. Furthermore
the integrated rates show no deviation to the simulation without this light shift as is
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Figure 5.8: The measured data (black squares) together with a comparison between
the simulated atom loss including the light shift in the calculation (dashed
red line) and not considering the light shift (solid grey line) at a photoas-
sociation intensity of 560.23 Wcm−2 for the v′ = −1; Ω = 0 state. Also
shown are the measured data.
still an interesting broadening mechanism that especially at higher intensity has to be
considered when photoassociation lines are modeled.
5.5 Influence of the duration photoassociation
illumination
During the measurements I have generally tried to limit the maximal losses from the
dipole trap to less than half of the initial atoms by adjusting the duration the atoms
are illuminated by the spectroscopy light at each intensity. As a result a wide variety of
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illumination durations from below 1 ms up to 100 ms were used at different intensities.
To exclude a dependency of the derived photoassociation rate from the varying photoas-
sociation time τPA I have recorded photoassociation spectra at the same spectroscopic
intensity but with different photoassociation times. The graph in Fig. 5.9 shows the
atomic loss factor β scanning the photoassociation laser across the molecular state in
v′ = −1; Ω = 1 at an intensity of IPA = 10.51 Wcm−2 for multiple different times τPA.
The spectra for the different photoassociation times are almost identical even for the
shortest time of 12 ms where roughly 40 % of the atoms were lost due to photoassoci-
ation at the peak of the resonance compared to the almost 70 % at 75 ms. The atomic
loss spectrum is even visibly flattened at its center due to the high losses. Evidently
the derived loss factor does not depend on the variation of this experimental parameter
in the low intensity regime. At several other intensities and also using the other molec-
ular state in the v′ = −1; Ω = 0 potential the experimental measurements indicate a
similar behavior at high intensities. From all parameter combinations that have been
investigated the photoassociation rate deviated by at most 15 % for a variation of τPA.
This small variation might be explained by the low number of atoms remaining in the
trap at high intensity and longer spectroscopy times making the measurement more
susceptible to perturbations at the center of the resonance. Overall the assumption
that the Gaussian density distribution in the optical trap is not significantly changed
by the induced losses is justified based on these observations. Furthermore the applied
transformation from density related to atom number related loss factor is valid and the
choice of photoassociation time τPA has no impact on the inferred rates.
5.6 Extension of the atomic cloud
In the presented simulations I have assumed that the photoassociation intensity expe-
rienced by the atoms is uniform across the trap and furthermore corresponds to the
peak intensity of the Gaussian spectroscopy beam. This is of course only a reason-
able approximation if the size of the atomic sample is substantially smaller than the
profile of the photoassociation beam. In this section I will investigate how consider-
ing the extension of the trap during the numerical calculations changes the expected
spectra. Depending on the axial direction the atomic cloud has an extension of up
to a few 10 µm. It is overlapped with the photoassociation beam with a waist radius
of w0 = 50(3) µm. The analysis of the experimental data focuses only on the total
number of atoms in the trap while the photoassociation rate actually effects the local
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IPA = 10.51 W/cm2; v = -1; Ω = 1
Figure 5.9: Derived atomic loss coefficient β as a function from the detuning from
threshold for the molecular state in v′ = −1; Ω = 1 for different photoas-
sociation times τPA. For the earlier evaluation the spectrum belonging to
τPA = 50 ms has been used.
density instead. Considering a section of atomic cloud towards the edge of the trapping
volume the local intensity of the dipole trap is naturally lower than in the center in
addition to the reduced local density.
The model that was applied during the analysis of the data in Chapter 4 assumed that
the entire atom sample that follows a Gaussian density distribution experiences the
peak intensity of the Gaussian spectroscopy beam . This is of course only a reasonable
approximation if the extension of the dipole trap is small compared to the waist of
the spectroscopy beam. The experimental situation as described in chapter 3 is that
the extension of the cloud at least in the direction along the horizontal trapping beam
might not be negligible for the calculation of the photoassociation rates. The RMS






For the experimental parameters used during most of the measurements this results in
a trap extension of ≈ 5 µm in the radial direction and ≈ 21 µm in the axial direction.
To confirm whether the assumption made concerning the intensity is justified I have
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considered the extension of the atomic cloud in three directions. First the absorption of
the spectroscopy beam along its propagation direction through the trap parallel to one
of the radial direction. This should have no significant influence since due to the small
linewidth of the triplet transition only a negligible fraction of light is being absorbed
by the atoms. Since the Rayleigh length of the photoassociation beam zR = 3.3 mm
is orders of magnitudes larger than to the extension of the cloud it is reasonable to
assume that the intensity of the Gaussian beam along its path remains approximately
constant in the vicinity of the atoms.
The extension in the other radial direction (perpendicular to both the horizontal trap
beam and the spectroscopy beam) can also be neglected since again the photoassocia-
tion beamwaist of 50 µm is large compared to the extension in this direction. Lastly
the axial extension of the trap has to be considered. The RMS radius of 21 µm is about
half the width of the spectroscopy beam which leads to reduction of ≈ 30% intensity
at the edge of the trap which will lead to a reduction of the total rate.
I have estimated the impact of the reduced intensity acting on the local density inside
the dipole trap by including the varying local intensity in the simulation. Two different
approaches were used. First by calculating an average intensity across the distribu-
tion of atoms by simply integrating the intensity profile of the beam over the density
distribution of the atomic sample in axial direction. This leads to a reduction of the
effective intensity depending on the dimension, i.e. the volume, of the dipole trap. For
an RMS radius of σaxial = 21 µm the average intensity is reduced by 23% compared to
the peak intensity at the center of the spectroscopy beam.
In a different approach both the local density and the Gaussian nature of the spec-







taking into account that the loss factor acts upon the squared local density.
The result is shown in Fig. 5.10. The effect on the integrated rates is less than a few
ten percent for either of the two methods and is as such not suitable to explain the
massive disagreement between the measured and calculated rates assuming an axial
extension of the cloud of 21 µm.
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Figure 5.10: Integrated photoassociation rates considering the extension and thermal
character of the atomic cloud and the Gaussian shaped extension of the
spectroscopy beam. Shown are the results neglecting this effect (solid
black line), considering it by integrating across the trapping volume (red
dashed line) and by calculating an effective intensity the atoms see during
the spectroscopy (green dash dotted line).
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5.7 Effect of misaligned dipole trap beams
As stated before, the description of the experimental parameters of the dipole trap
relies on the earlier documentation of the setup because some of the parameters can
not be measured directly. Until now the data has been analyzed assuming that the two
trapping beams perfectly overlap at the center of their respective Gaussian intensity
distribution. Further the two beams do not intersect at their respective waist position
but instead the tilted beam is deliberately shifted away from this position by 4.5 mm.
That means that the tilted beam has widened to ≈ 76 µm when it meets the horizontal
beam. In this configuration a more efficient evaporation cooling can be achieved due
to the otherwise substantial three-body losses being suppressed [App13, Kra09]. As
described in the section before under these circumstances the trap has a axial extension
of roughly ≈ 21 µm. Should the beam have been shifted differently from the assumed
4.5 mm at some point during the adjustment of the dipole traps the trap geometry
is altered which has direct implications on the trapping volume that is important
when comparing the simulated and measured spectra. Additionally, an increasing trap
size also decreases the effective intensity the atom pairs experience leading to further
reduced rates as described in the last section. A direct measurement of the dipole trap
size is not possible with the optical resolution in the current experimental setup.
Nevertheless, I have estimated the size of the atomic ensemble trapped in the crossed
dipole trap from absorption images taken shortly after release. Assuming a thermal
distribution of atoms in the cloud one can determine the initial dimensions of the trap
by subtracting the expansion after release from the dipole trapping field. I have chosen
parameters similar to the conditions used during the photoassociation measurements,
i.e. a temperature of T = 1.08 µK and intensities of 0.6 W and 1.2 W in the horizontal
and tilted trap beams, respectively. Such an absorption image of the trap after an
expansion time of texp = 1.5 ms together with a horizontal and vertical cut through
the center of the density distribution of the cloud are shown in Fig. 5.11. From a
fit to the density distribution along the horizontal cut an axial RMS radius of the
cloud of σaxial = 41.9 µm after expansion was determined. The cut in the vertical
direction provides information about the extension in one of the radial directions i.e.
σrad = 29.7 µm. These values take into account that the absorption imaging is not
perpendicular to the axial direction of the cloud but rather views the cloud under an
angle of 20◦. Under this angle the axial dimension of the cloud appear slightly shorter
than it really is. After being released from the trap the atoms freely evolve according
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t2exp ≈ 22.5 µm. (5.4)




σ2ini + σ2exp. (5.5)
From the atom cloud size after expansion the initial RMS radii in the direction along
the horizontal dipole trap beam and the direction perpendicular to that beam were
determined to be σaxial,abs = (31 ± 6) µm and σrad,abs = (15 ± 7) µm, respectively.
These values are bigger than the calculation from the beam waists of the dipole trap
would suggest (σhor = 21 µm, σrad = 4.4 µm). This is most likely related to the limited
resolution of the optical imaging.
Figure 5.11: Absorption image of a typical atomic cloud after and expansion time of
texp = 1.5 ms. Additionally the red and green (blue) line show vertical
(horizontal) cuts through the intensity in arbitrary units.
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Due to the relatively large uncertainty the findings can not completely confirm the
assumptions made regarding the dipole trap geometry but instead have been use to
determine boundaries for the dimension and density inside the atomic cloud. The waist
measurements of the dipole trap beams combined with the limits given by the analysis
of the absorption images and the radial trap frequency measurement have been used
to impose upper limits on the beam radii at the crossing point of the trapping beams.
For this the upper limit of the distance of the two beam waist positions I assumed a
displacement of 6.5 mm which results in an axial extension of the cloud of 45 µm and
50 µm after the evaporation ramps with final power (Phor = 1.2 W; Ptilt = 0.6 W) and
(Phor = 1 W; Ptilt = 0.25 W), respectively.
Fig. 5.12 shows the experimental results complemented by calculations that take the
upper limits imposed by the absorption images into account as well as all other mod-
ifications presented earlier this chapter. It is important to remember that a changed
trapping volume does not only alter the conversion of the atom number to the density
dependent values but also effects the local intensity of the photoassociation beam since
due to the increased trapping region the atoms inside the dipole beams do not necessar-
ily experience the same spectroscopic intensity. The gray shaded area below the green
curve and the bars on top the data points indicate the range that is compatible with the
upper limit for the trap volume. Even this unlikely modification of the experimental
parameters does not resolve the discrepancy and can only reduce the disagreement by a
factor of four compared to the results that assumed the initial parameters of the dipole
trap setup. Also even considering the reduced intensities the numerical calculation still
suggest saturation of the rate coefficients that can not be seen in the data.
This chapter investigated possible explanations for the deviations between the exper-
imental and theoretical photoasscoation rates. Including various previously neglected
effects to the simulation, a local intensity confirmed by measurement of the Autler-
Townes splitting and an upper limit on the trap dimension that is still compatible
to absorption images does not resolve the disagreement. Even a combination of all
effects would does not resolve the disparity between the measured and calculated rates
entirely.
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z
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Figure 5.12: Integrated two body loss coefficient 〈K〉area as function of photoassociation
intensity IPA for the two molecular lines with Ω = 0; 1. The green squares
show the experimental data together with their respective uncertainty
as described in Tab. 4.1. The green line indicates the corresponding
theoretical prediction. In the unlikely case of a misaligned focusing lens
of the tilted dipole trap beam the gray regions indicate the influence on
the experimental and theoretical values.
Chapter 6
Adjustment of the theoretical parameters
The reevaluation of the experimental modeling and introduction of extensions and the
review of approximations could not resolve the disagreement between simulated and
measured photoassociation rates. Even when imposing generous extended limits on
the experimental parameters the measured rates differ by about a factor of 4 from
the prediction at low intensity. Investigations of the photoassociation process in other
elements with an electronic structure similar to 40Ca, such as strontium and ytterbium,
in a thermal cloud [Kim16] as well as in an optical lattice [Zel06, Res18] show the same
tendency of reduced photoassociation rates. In these references a common approach to
resolve this discrepancy is an adjustment of the optical length, i.e. the Franck-Condon
density combined with a modification of the natural linewidth γ1. I have studied the
effect of these modifications on the simulated spectra and whether they can also be
applied in the case of calcium to resolve the discrepancies and more importantly at
intensities past saturation that have not been studied previously.
6.1 Adjustment of the Franck-Condon density
The first and most obvious way to reduce the simulated rate is to decrease the cou-
pling parameter fFCD or equivalently lopt. For this purpose, a scaling factor for the
two-body loss rate was determined that brings the modified simulation and measure-
ment in agreement in the area of low intensity where the rate increases linearly with
the intensity. The scaling factor was then used in a subsequent step to simulate the
photoassociation spectra at high intensities which should show clear signs of broaden-
ing and saturation. These modified calculated loss spectra were then again compared
to the experimental data. Also the expected integrated rate was determined using
these parameters to validate if a simple scaling factor is sufficient to reduce the dis-
crepancy between the theoretical and measured values. Focusing on the line in the
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v′ = −1; Ω = 0 state first, the graphs in Fig. 6.1 show the measurements together with
a simulation including the modifications discussed in the last chapter. The simulated
〈K〉 values have to be multiplied by a factor of fscale,Ω=0 = 15.5 , 16 , 15.5 in order to give
a good agreement with the measured values at the three lowest intensities that were
used in the measurement (0.267 Wcm−2, 0.396 Wcm−2, 0.705 Wcm−2). Not considering
the modifications presented in the last chapter, using the design values yields a scaling
factor of fscale = 119 instead as was shown previously. A similar analysis has been done
for the three smallest intensity values the v′ = −1; Ω = 1 resonance has been measured
at. In this case (Fig. 6.2) the average scaling factor was determined to fscale,Ω=1 = 14.2 ,
with all modifications presented in chapter 5.
After I determined the scaling factors for the respective transitions I simulated spectra
including this factor in the calculation of the stimulated rate by substituting Γ∗stim =
fscale · Γstim and again compared the result to the measured data in the limit of low
intensities (see Figs. 6.1,6.2) and high intensities (see Fig. 6.3). In the case of low
intensity the simulated atom loss spectra now agree well with the experimental data
concerning both the absolute loss of atoms from the trap as well as the width of the
resonance for both the v′ = −1; Ω = 0 and v′ = −1; Ω = 1 states investigated. At high
intensities on the other hand the absolute rate as well as the width of the resonance
now show a poorer agreement compared to the unmodified Franck-Condon density.
Especially the simulated width shows no sign of the broadening effects visible in the
experimental data. It becomes clear that introducing a simple scaling factor for the
coupling parameter could only resolve the discrepancies at low intensity. At higher
spectroscopic intensity beyond the saturation intensity the calculations do not show
any increase of the width of the spectra that is a distinct feature of the experimental
data. Unfortunately, experimental investigations of Group-II atoms besides calcium
are in the low intensity regime.
6.2 Additional non radiative decay channels
A second molecular parameter that can be adjusted is the decay rate of the excited
molecular state. Since the states that have been probed are only weakly bound less
than a GHz away from the atomic asymptote, a collision with background gas or
with another atom or molecule could lead to a decay of the state introducing a so
far unconsidered non-radiative decay channel. Furthermore, the decay rate does not
necessarily need to be constant for different intensities in the saturation regime as
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Figure 6.1: Simulated spectra (green line) with a reduced Franck-Condon den-
sity for the v′ = −1; Ω = 0 state using a radial dipole
trap extension of σaxial = 45 µm at low intensities (IPA =
0.267 Wcm−2; 0.396 Wcm−2; 0.705 Wcm−2). Also shown are the experi-
mental measurements (black squares).
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Figure 6.2: Simulated spectra (green line) with a reduced Franck-Condon den-
sity for the v′ = −1; Ω = 1 state using a radial dipole
trap extension of σaxial = 50 µm at low intensities ( IPA =
1.277 Wcm−2; 2.577 Wcm−2; 10.51 Wcm−2). Also shown are the experi-
mental measurements (black squares).
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Figure 6.3: Simulated spectra (red dashed line) with a reduced Franck-Condon density
for the v′ = −1; Ω = 0 (v′ = −1; Ω = 1 ) state using a radial dipole trap
extension of σaxial = 45(50) µm at high intensity IPA = 560(569 Wcm−2).
Also shown are the experimental measurements (black squares) and the
simulation that has been scaled to match the peak loss (solid green line).
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the molecular state can potentially couple to other bound states in addition to the
coupling to the continuum states in the ground state. The additional coupling could
lead to a modification of the natural decay rate that has also been proposed by other
groups studying the absolute molecule formation rate in photoassociation experiments
[Zel06, Kim16]. I have analyzed the influence of arbitrary additional decay channels
by introducing a decay width Γextra into the simulation modifying the natural width
when calculating the scattering matrix element in Eq. 2.4 by
γ1 = γmol = 2γatom → γ′1 = γmol + Γextra. (6.1)
The spectra simulated using this additional width show a growing saturation intensity
with growing Γextra and also the integrated rate saturates only at a higher value as
can be seen in Fig. 6.4.This is expected from the scattering matrix element given in
Eq. 2.4. Using a combination of an adjusted Franck-Condon density and a suitable
Γextra it is possible to achieve an agreement between the simulated integrated rate and
the measured data. However, when comparing the spectra directly it becomes obvious
that the width of the simulation is now in poor agreement and no broadening is visible
(compare Fig. 6.5) at high intensities. This also means that the peak loss rate will be
overestimated in return.
In conclusion even after taking multiple experimental uncertainties into consideration
and including additional effects into the calculation of the theoretical rates they can still
not be brought into agreement with the measured data. Even changing the Franck-
Condon density and the natural width does only improve the overall agreement of
the integrated photoassociation rate while it on the other hand introduces additional
disagreements regarding the width of the spectral features. Considering these results it
is safe to say that the presented theoretical description of the photoassociation process
is not capable to accurately describe the experimental data in the case of 40Ca at
intensities that are high compared to the intensity at which the molecular resonance
saturates.
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Figure 6.4: Integrated two body loss coefficient 〈K〉area as function of photoassocia-
tion intensity IPA for the molecular line with Ω = 0. The solid black line
indicates a simulation including an extended atomic cloud with a radial
extension of 45 µm and the original molecular parameters. The dashed-
dotted red line shows the simulation with an adjusted Franck-Condon den-
sity (reduced by a factor of 1
7
) in order to match the integrated rate at
low intensities, while for the dashed green line an additional decay width
Γextra = 2.5 kHz has been assumed to improve the agreement at high in-
tensity.


















Detuning from atomic resonance  [MHz]
Figure 6.5: Simulated spectrum (green line) for the v′ = −1; Ω = 0 state using a
radial dipole trap extension of σaxial = 45 µm combined with a Franck-
Condon density reduced by a factor of 7 and an additional decay width of
Γextra = 2.5 kHz. The simulation was scaled to match the peak atom losses.
Also shown are the experimental measurements (black squares).
Chapter 7
Summary
In this thesis the interaction of light with the ultracold bosonic calcium isotope 40Ca
has been studied by means of photoassociation spectroscopy. I have measured the loss
of atoms from an optical trap as a laser associated atom pairs to weakly bound excited
molecular states. Over a spectroscopy intensity range of three magnitudes and up to
600 Wcm−2 the resonant features in the vicinity of two molecular bound states have
been studied regarding the absolute molecule formation rate, the width of the resonance
lines and the overall shape. This is the first systematic evaluation of photoassociation
rates in group II atoms in this intensity range considering the small linewidth of the
atomic transition. The experimental results have been compared to numerical calcula-
tion of the process that is based on a scattering formalism based on the works of Bohn
and Julienne [Boh99].
For this ensembles of calcium atoms were prepared at low µK temperature by means
of magneto optical cooling and evaporative cooling in a crossed dipole trap. To achieve
the highest accuracy the spectroscopy laser was stabilized to a mechanical reference
with a stability of 3 · 10−15 after one second which is substantially smaller than the
linewidth of the molecular resonances that have been studied. I have found that the
measured absolute photoassociation rates for the two most-weakly bound states in
the excited potential dissociating to the 3P1+1S0 asymptote significantly deviate from
numerical calculations across the entire intensity range. For the given experimental
parameters the measured rates are lower by a factor of 19 and 16 for the two states
that have been probed respectively. While the expected linear increase of the molecule
formation rate is reproduced by the experiment at the lowest used spectroscopic in-
tensities I have found that at higher intensities the experimental data does not show
signs of saturation as suggested by the simulations. Further the experimental data
show a reasonable agreement regarding the width of the molecular resonances also up
to high spectroscopic intensities when compared to theoretical calculation which im-
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plies that assumed optical coupling is treated correctly by the theoretical formalism.
I have further studied the light shift induced by the spectroscopy laser and compared
the measured average shift as a function of the intensity to calculated shifts based on
molecular wave functions based on a coupled channel model of the two atom system
with the results that the measured shift is substantially smaller than expected.
To resolve the discrepancies, the theoretical model has been extended by including pre-
viously neglected effects and a more refined description of the experimental setup.The
influence of the extension of the theoretical modeling of the spectroscopy process and
the modeling of the experimental environment have been studied and compared to the
measured results. The absolute intensity of the spectroscopy beam at the trap position
has been verified by a comparison of the results of Autler-Townes spectroscopy mea-
surements which reproduced the estimated overlap between the excited and ground
state molecular wavefunctions determined from the molecular potentials. Since the
measured rates are extremely sensitive to the parameters of the optical trap the atoms
are stored in the dependency of the resonance shape and absolute rate from the trap
volume was studied. For this upper limits to the trap size have been derived from
absorption images. The influence of the changed trap dynamics have been investi-
gated theoretically with the outcome that even a substantial increase of the dipole
trap volume is not suited to explain the experimental results especially in regards to
the saturation that could no be seen in the experimental data. I have further excluded
the possibility of substantial recapture of products from the molecular decay by the
optical dipole trap. From measurements for different depth of the optical trap I con-
cluded that there is no meaningful reduction of the measured photoassociation rates by
recapture of atoms from decaying excited molecules. Finally the theoretical parameters
the simulated spectra are generated from are varied in order to produce consistency
with the measured result. In earlier photoassociation measurements at intensities far
from saturation a scaling of the optical coupling together with an enhanced linewidth
were needed to achieve a good agreement between calculated and experimental spec-
tra. I found that at high intensities this approach can indeed lead to agreement of
the photoassociation rates while the shape of the spectra is no longer found to be in
agreement. The previously correctly reproduced width of the molecular resonances is
now underestimated by the simulations based on the theory with adjusted parameters.
This means that while this simple modification of the molecular parameters is suffi-
cient at low intensity the situation at higher intensities is more complicated and would
benefit from additional experimental data from other alkaline earth elements as well
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as a more specialized theoretical treatment.




In order to dispel doubts about the results the biggest uncertainty contribution to the
experiment by the size of the trapping region can be partly eliminated in the future
by using an optical lattice trap instead of a crossed dipole trap. Such a setup has
been planned and partly installed already and shall be described in the following. In
addition to the reduced uncertainty such a setup also reduces the Doppler broadening
of the measured photoassociation lines, the nature of the distribution of initial collision
energies relevant for the Franck-Condon densities as well the resonance condition in
Eq. 2.4 by enabling spectroscopy in the Lamb-Dicke regime [Dic53]. The optical lattice
[Per98, Ido03] relies on the dipole force similar to the crossed optical dipole trap that
is already in use. By means of a retroreflected strongly focused laser beam an electrical
field according to
~E = ~E0 cos(kz − ωt) + ~E0 cos(−kz − ωt)
| ~E|2 = 2|E0|2 cos2(kz)
is generated at the position of the atoms. In this spatially varying electric field the
atoms experience an AC Stark shift that is proportional to the polarizability α(ω) of




Assuming that the lattice consists of a Gaussian beam with a local beam radius of
w(z) along its propagation direction focused to a waist size w0 the periodic potential
the atoms experience is given by
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In this equation the wavelength of the lattice laser is given by λlat and the maximum
depth of the potential is U0 = 4 αPπǫ0cw20 where the polarizability α is evaluated at the
wavelength of the lattice laser with power P . For this equation to hold I have assumed
that the polarization and power of the two counterpropagating beams do not change
significantly crossing through viewports of the vacuum chamber which is sufficient for
now but needs to be validated by measurements. In a harmonic approximation of
the potential the axial and radial vibrational frequencies of a Calcium atom in such a















The experiment has been extended by a commercial Toptica - TA Pro system that
consists of an ECDL operating at around 800 nm that is amplified by a tapered ampli-
fier. To suppress feedback from reflections at the retroreflecting mirror mirror of the
lattice the light is sent through a Faraday Isolator QiOptics FI-500/820-5SV with a
transmission of >90 % and an optical isolation of 40 dB. The frequency and intensity
of the laser can be finely adjusted by an AOM Gooch & Housego 3080-122 operating
at 80 MHz and the laser is feed to the experiment via polarization maintaining optical
fiber with a mode field diameter of 12.4 µm (NKT - aeroGUIDE-15-PM ). In front
of the vacuum chamber the beam is collimated by an achromatic doublet lens with a
focal length of 100 mm leading to a beam radius of 5.3 mm. Subsequently the beam
is focused by another achromatic doublet lens with a focal length of 400 mm leading
to a waist of 24.8 µm at the crossing point with the atomic sample in the dipole trap.
On the other side of the chamber the beam is recollimated by a lens of the same focal
length before being reflected forming a standing wave. An overview of the lattice setup
is given in Fig. 8.1 and also shows that part of the light is used in an analysis port for
ensuring the single-mode structure of the ECDL as well as the possibility to monitor
the exact wavelength.
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Figure 8.1: Schematic drawing of the newly implemented setup for trapping of atoms
inside an optical lattice.
In total a power of up to 1 W is available for the generation of the optical lattice. The
polarizability for σ polarized light at 800.8 nm is α = h ·54.6 m2Hz/V2 [Deg04b]. From
the parameters a maximum trap depth of U0 = 67 Erec with trapping frequencies of
νaxial = 127 kHz and νrad = 695 Hz are expected. The trap depth is given in multiples
of the recoil energy due to absorption of a lattice photon defined as Erec = ~2k2/2mCa.
Furthermore the wavelength of the lattice laser is magic for the triplet transition 1S0-
3P1 of 40Ca that means that the differential lightshift between the excited and ground
state is zero to first order (see Fig. 8.2 taken from [Deg04b]). This simplifies the
analysis of the recorded spectra substantially since the line is not artificially broadened
due to local variations of the trapping potential, e.g. an atom pair away from the center
of the lattice beam would experience a smaller shift due the reduced intensity towards
the edge of the Gaussian beam. The beam power will be stabilized by an AOM in
front of the fiber leading to experiment using a fraction of the lattice light that leaves
the chamber on the side of the spectroscopy laser that is reflected from the vacuum
window. The power will be monitored by a photodiode and through a feedback loop by
adjusting the output of the VCO controlling the AOM it can be held constant similar
to the setup steering the dipole trap ramps. This should also allow evaporative cooling
directly in the lattice by slowly reducing the power in the trap beam.
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Figure 8.2: Induced ac Stark shift U/h at a laser intensity of 1 W/m2 from [Deg04b].
The horizontal red line indicates the point at which the polarizability of
the ground state 1S0 is equal to the excited state 3P1 at 800.8 nm. The
red circles denote other magic wavelength for different polarizations of the
light e.g. at 983 which is close to the frequency used for the optical dipole
trap.
The calcium atoms are stored in multiple flat pancake-like structures spaced by half
of the lattice laser wavelength that lead to quantized vibrational states in the axial
direction of the lattice beams where predominantly the ground state is populated. In
the weakly bound radial direction the atoms are effectively confined to a 2D motion.
In this configuration the atoms are in the Lamb-Dicke regime [Dic53] and can be ex-
cited by the spectroscopy beam without changing their motional quantum state thus
allowing measurements with strongly suppressed Doppler broadening and recoil shift at
least along the direction of the optical lattice. This technique has already successfully
been employed in optical-clock experiments [Fal14, Nic15b] as well as photoassocia-
tion measurements [Rei12] for the alkaline-earth element strontium. In the future this
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spectroscopy scheme can also be used in our setup since the retroreflective mirror is
specifically designed such that its coating is highly transmissive for light at a wave-
length of 657 nm allowing the spectroscopy laser to be used parallel to the axial lattice
direction.
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Appendices
Appendix A: Density conversion
In order to convert the differential equation for the evolution of the local density inside
the atomic sample to the experimentally accessible total number of trapped atoms the






2 〈K〉 ρ2(~r)d3r != −βN2
with β as an atom loss factor. Further I have assumed that the atoms are thermally
distributed inside the trap with axial rms radii σx, σy, σz according to




































If the thermal distribution of the atoms in the trap is not altered significantly by the
losses induced by the photoassociation laser the loss of atoms from the trap can be
written as
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By inserting this expression into the initial differential equation, the relation between
photoassociation rate 〈K〉 and the loss factor for atoms in the trap β can be determined




σxσyσz = −βρ20(2π)3(σxσyσz)2 = −βN2
→ β = 1√
2VDT
〈K〉 ,




σxσyσz is the dipole trap volume.
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